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Abstract 
Haemoglobins (Hbs) are found in virtually all phyla and are some of the most 
investigated proteins in biomedical sciences.  These proteins exhibit an extraordinary 
diversity of form and function in invertebrate lineages.  This provides a unique 
opportunity to explore the origin and evolution of Hbs yet little is known about their 
distribution, function and evolution in invertebrate lineages.  To explore further the 
functions and evolution of those Hbs, recent transcriptome data for the Arcid bivalve 
Anadara trapezia is investigated here.  This species shows the presence of duplicated 
Hb encoding genes suggesting that gene duplication may have been more extensive 
than previously thought in bivalves.  This study tests the hypothesis that these 
duplicated genes show patterns of tissue specific expression and evidence of 
neofunctionalisation.  This is shown here for at least three Hb encoding genes present 
in A. trapezia with strong tissue specific expression in haemolymph compared to 
other tissues.  Furthermore, the expression of these genes remains unaffected by 
prolonged air exposure suggesting that neofunctionalisation may confer an 
evolutionary advantage to this bivalve.  As well as the unique Hbs found in the 
bivalve order Arcoida, Hbs are also found in three other bivalve orders: Carditoida, 
Solemyoida and Veneroida.  These four orders that possess Hbs provide compelling 
evidence for the independent evolution of these proteins in multiple bivalve lineages.  
To expand data on the distribution of Hbs in bivalves, a transcriptome sequence for 
Ctenoides ales in the order Limoida was generated in this project.  Interrogation of 
the transcriptome shows the presence of at least three globin-like encoding genes 
including two Hb-like encoding genes providing preliminary evidence for another 
independent origin of Hb in a bivalve lineage.  Overall, this study provides novel 
insights into the function, evolution and distribution of Hbs in bivalves by 
investigating two distantly related species.  Results of this study are consistent with 
current theories that Hb diversity in bivalves is a result of repeated rounds of gene 
duplication providing the raw material for evolution.  Investigation of hypoxic 
resistance also reinforces that greater expression of Hbs in haemolymph confers a 
physiological advantage suggesting that Hb would evolve more often in some 
lineages during adaptation to unfavourable environment conditions, particularly 
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hypoxia and prolonged air exposure.    The finding of Hb-like encoding genes in 
another bivalve lineage also supports the evolution of this gene family through 
independent evolution and gene duplication, and gives insight into the distribution of 
globin genes in bivalves which is still poorly understood.  The investigation of Hb 
genes in these bivalves also contributes to further understand the role of Hbs and 
provides potential novel insights for resistance in hypoxic environments, disease 
control and resistance to pollution in aquaculture. 
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Chapter 1:  Introduction 
1.1 Functional and structural diversity within the globin superfamily 
The globins are an ancient gene superfamily, thought to have been present in 
the last universal common ancestor (LUCA) of the three domains of life (Hoffmann et 
al., 2010a).  Globin genes encode for small iron metalloproteins, typically ~ 150 amino acids 
in length.  Globin domains consist of a proximal histidine residue in the F helix for iron 
binding and a distal histidine residue on the opposite side of this iron for oxygen binding 
(Bashford et al., 1987). Structurally, globin domains consist of eight alpha (α) helical 
segments which form the characteristic globin fold in a three-on-three α helical structure with 
a central haeme group comprising a proto-porphyrin ring (Perutz, 1979; Blank & Burmester, 
2012).  It is this haeme prosthetic group that allows globin proteins to reversibly bind oxygen 
(O2) and other gaseous ligands (Pesce et al., 2002).  For a long time, the metazoan (animal) 
globin superfamily was thought to consist of only two globin types, haemoglobin (Hb) and 
myoglobin (Mb), but recent research has shown that this superfamily is functionally and 
structurally far more diverse than originally thought (Götting & Nikinmaa, 2015). 
The globin gene superfamily includes genes encoding Hbs, neuroglobins (Ngbs), 
cytoglobins (Cygbs), globin X (GbX), androglobins (Angbs), Mbs, globin E (GbE) and 
globin Y (GbY) among others (Hoffmann et al., 2010a; Storz et al., 2013; Opazo et al., 
2015).  This diverse group of genes is thought to have evolved from a common ancestral 
gene through repeated rounds of gene and genome duplication, some 1.8 billion years ago 
(Efstratiadis et al., 1980; Wajcman et al., 2009).  This coincides with the accumulation of O2 
levels in the atmosphere, suggesting that those globin genes arose as a mechanism to 
scavenge toxic O2, carbon monoxide (CO) and nitric oxide (NO) gases (Hardison, 1996; 
Koch & Britton, 2008).  The repeated rounds of duplication and functional divergence of 
duplicated genes have resulted in a large and diverse group of structurally similar 
proteins.  In this superfamily, GbX and Ngb are some of the more recently described proteins 
(Pesce et al., 2002; Burmester & Hankeln, 2004; Roesner et al., 2005) but are thought to be 
the most ancestral globin genes found in metazoans.  In fact, GbX and Ngb are the only 
globin genes found in early divergent phyla such as Cnidaria and Porifera, and predate the 
split of deuterostomes and protostomes (Schwarze et al., 2014). 
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1.1.1 Recently discovered globin genes 
Neuroglobin and GbX are both expressed in the nervous system of vertebrates, but 
unlike Ngb, which is typically found in the cellular cytoplasm, GbX is a membrane bound 
protein (Pesce et al., 2002; Burmester & Hankeln, 2014).  The functions of both of these 
proteins are still uncertain and they have been the focus of numerous studies to elucidate their 
physiological function (Hankeln et al., 2005; Burmester & Hankeln, 2009; Wawrowski et al., 
2011).  Nonetheless, initial studies speculate that Ngb and GbX largely play a protective role 
in the cell (Brunori & Vallone, 2007; Burmester & Hankeln, 2009; Corti et al., 2016) as well 
as being involved in cellular signaling processes (Burmester & Hankeln, 2009; Su et al., 
2014).  Globin E, another described vertebrate globin (Kugelstadt et al., 2004), is typically 
expressed in eye tissue.  Its role is thought to be related to O2 supply of retinal cells, which 
are metabolically highly active (Blank et al., 2011).  Androglobin is an ancient chimeric gene 
with high levels of expression in the testes of vertebrates (Hoogewijs et al., 2011), however, 
its function remains unresolved (Burmester & Hankeln, 2014).  Yet another recently 
discovered globin, Cygb, is expressed in a diverse range of tissues and cell types including 
epithelium, fibroblast cell lineages, macrophages, neurons and muscle fibers (Oleksiewicz  et 
al., 2011; Motoyama et al., 2014).  Functions of Cygb appear similarly diverse, with roles in 
protection from reactive oxygen species and in nitrous oxide metabolism (Pesce et al., 2002; 
Singh et al., 2014). 
1.1.2 Myoglobins and haemoglobins 
Stemming from their early discovery, Mbs and Hbs are the most extensively studied 
globins.  Most metazoan species possess only a single copy of the Mb gene except in rare 
cases of some fish lineages where an increase in copy number (up to seven) is seen (Koch & 
Burmester, 2016).  Mbs are small monomeric proteins whose expression is principally 
restricted to striated muscle tissue where they play a key role in supplying the mitochondria 
of myocytes with O2 during periods of hypoxia, also defined as oxygen deficiency in a biotic 
environment (Wittenberg & Wittenberg, 2003).  This protein is also reported to play an 
important role in the decomposition of nitrous oxide during high cellular metabolic activity 
(Flögel et al., 2001).  Unlike the other globin proteins, Hb principally transports O2 from 
respiratory surfaces to the working tissue within an organism.   
Haemoglobins in metazoans have been reported in multiple animal phyla as key 
oxygen-transport proteins (Weber, 1980; Mangum, 1992; Hardison, 1996; Hourdez et al, 
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2000).  Most frequently Hbs are found in the circulatory system of metazoan species, but can 
sometimes be confined to specific tissues, such as in the bivalve Yoldia eightsii where Hb is 
expressed in the gill tissue (Dewilde et al., 2003).  Outside of vertebrates, Hbs exhibit a 
remarkable diversity in structure (Terwilliger, 1998; Weber & Vinogradov, 2001).  For 
example, Hb proteins can occur as monomers, dimers, tetramers or even in polymeric forms 
(Weber, 1980).  Circulating Hbs may also be found within erythrocytes (intracellular) or 
freely dissolved in fluid tissue such as blood or haemolymph (extracellular) (Ching Ming 
Chung & Ellerton, 1980).  Extracellular Hbs are extremely diverse in subunit size and 
quaternary structure, however, they all share the same globin fold as intracellular Hbs 
(Negrisolo et al., 2001).  Notable structural variations can often be found in invertebrate 
species such as the bivalve mollusc Barbatia reeveana where a very large polymeric Hb of 
430 kDa composed of 34 kDa di-domain subunits occurs, each containing two covalently 
linked functional units for O2 binding (Grinich & Terwilliger, 1980).  Other examples of 
structural variation include annelid species, such as Riftia pachyptila and Lumbricus 
terrestris, which possess Hbs consisting of 24 and 144 subunits respectively (Royer et al., 
2000; Strand et al., 2004; Flores et al., 2005). 
Structural variations in Hbs can be observed even among vertebrate lineages, 
where jawless vertebrates (agnathans) have weakly cooperative dimers compared to the 
canonical tetrameric Hbs of jawed vertebrates (gnathostomes) (Hoffmann et al., 2010a).  
By far the best-studied Hb is the tetrameric form found in humans.  Structurally, the human 
Hb consists of 4 globin subunits (2 alpha (α) and 2 beta (β)), each with their own haeme 
group (Pesce et al., 2002; Storz et al., 2013). α and β chains consist of 141 and 146 amino 
acids, respectively and are held together by noncovalent interactions to form a heterotetramer 
(Antonini & Chiancone, 1977; Hardison et al.,1997). 
The genes that encode the different subunits of Hb proteins are found as clusters in the 
human genome.  For example, the α globin gene cluster is located on chromosome 16 and 
includes seven loci (NC_000016.10; 5’ – zeta – pseudozeta – mu – pseudoalpha1 – alpha2 – 
alpha1 – theta – 3’) (Vernimmen, 2014) while the β gene cluster is found on chromosome 11 
and is comprised of five loci (NC_000011.10; 5’-epsilon – gammaG – gammaA – delta – beta 
– 3’)  (Moleirinho et al., 2013).  The order in which the genes are found within these clusters, 
determines the timeline at which they are expressed during development (Hardison et al., 
1997) with those closest to the locus control region at the 5’end, expressed in early 
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development and those further away expressed at a later stage (Hanscombe et al., 1991).  
This developmental expression has been associated with varying oxygen levels throughout 
embryonic and foetal development (Efstratiadis et al., 1980) and demonstrates that oxygen 
availability can influence the expression and evolution of Hbs. 
 
1.2 Evolution of haemoglobins 
Haemoglobins are among the most extensively studied proteins, yet our understanding of 
their evolutionary history is becoming increasingly unclear.  A recent phylogenetic analysis of 
the vertebrate Hbs by Hoffmann et al., (2010a) suggests that Hbs in gnathostomes and 
agnathans have evolved in each lineage independently.  It is also likely that these Hb genes 
have evolved from different ancestral genes based on the placement of gnathostome and 
agnathan Hbs in two distinct clades (Figure 1.1) (Hoffmann et al., 2010a).  Findings such as 
these are in contrast to the prevailing paradigm that the current vertebrate Hbs have evolved 
from an ancestral Mb gene.  In invertebrates, the evolution of Hb genes remains even less 
clear than in vertebrates, largely due to insufficient genomic resources for the groups that 
possess Hbs.  
The current paradigm to explain the diversity of vertebrate globin genes largely involves 
gene and whole genome duplication events, mutation and natural selection acting to promote 
evolutionary innovation in this gene family.  Both, the two rounds of whole genome 
duplication (2R hypothesis; (Hokamp et al., 2003)) that preceded the evolution of vertebrates 
and further tandem duplications provided the raw substrate for the evolution and 
diversification in the vertebrate globin genes seen today.  Divergent and convergent evolution 
have played major roles in the evolution of new functions observed in duplicated vertebrate 
globin genes.   
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Figure 1.1. Maximum likelihood tree highlighting relationships between Hbs of jawed (gnathostomes) and 
jawless (agnathans ) vertebrates. In this phylogeny vertebrate-specific globins are grouped into two distinct 
clades: (i) Cyclostome Hbs + Cygb + Mb + GbE + GbY, (ii) β-Hbs + α-Hbs (Hoffmann et al., 2010a). 
1.2.1 Gene duplication 
The role of both gene duplication and whole-genome duplication is now widely 
accepted as a key driver of evolution as it is the most frequent mechanism responsible for 
the generation of genes with new functions (Ohno et al., 1968; Cañestro et al., 2013).  It is 
through the accumulation of mutations and repeated rounds of duplication of existing genes 
that new functions are acquired (Zhang, 2003).  Both whole-genome and gene duplication 
have promoted evolutionary innovation and led to the current diversity within the Hb gene 
family (Storz et al., 2013).  Gene duplication can occur through five mechanisms: (i) the 
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unequal crossing-over between two sister chromatids of one chromosome or (ii) between 
two homologous chromosomes during replication, (iii) regional redundant duplication of 
DNA molecules (segmental duplication), (iv) polyploidization or (v) retrotransposition 
(Ohno et al., 1968 ; Zhang, 2003).  Unequal crossing over events can also be explained as 
recombination between DNA sequences at different sites on sister chromatids or 
homologous chromosomes.  This results in a decrease in gene copy number on one 
chromosome or one chromatid and an increase on the other (Roeder, 1983).  The variations 
in globin gene copy numbers have often been associated with this type of recombination 
(Goossens et al., 1980; Higgs et al., 1980; Trent et al., 1981; Roeder, 1983; Hurles, 2004).  
Vertebrate Hb gene clusters, described previously, provide classic examples of evolution 
through gene duplication.  In 1961, Ingram suggested that polyploidization initiated two 
duplication events from Mb to the primordial Hb α gene which then produced the Hb β-like 
gene.  While this is an overly simplistic explanation for the diversity found within the globin 
gene family, it provided an early plausible hypothesis that gene duplication was a major 
driver of the evolution of the vertebrate globin gene family. 
Gene duplication is known to have four possible outcomes (Zhang, 2003; Cañestro 
et al., 2013).  One possible outcome is dosage repetition, where limited sequence evolution 
is seen, and gene function is conserved (Zhang, 2003; Cañestro et al., 2013).  Another 
outcome following a duplication event may be pseudogenisation of one duplicated copy 
through the accumulation of mutations creating a non-functional gene (pseudogene) (Force 
et al., 1999; Zhang, 2003; Bischof et al., 2006).  This may result in a duplicate transcribed 
into RNA but not translated.  Neofunctionalisation represents another possible outcome of 
gene duplication whereby accumulation of mutations in one of the copies may lead to new 
functions (Innan & Kondrashov, 2010).  Lastly, subfunctionalisation is a sub-category of 
neofunctionalisation where the function remains the same but changes in regulatory 
elements that control expression of the gene may lead to different copies of the duplicate 
being expressed in different tissues (Lynch & Force, 2000; Huerta-Cepas et al., 2011).  
Neofunctionalisation and subfunctionalisation are largely the result of divergent selection 
acting on newly formed duplicates.  Mutations in DNA coding regions will lead to changes 
in the amino acid sequence and affect protein-protein interactions which are the foundation 
of cellular molecular function therefore giving rise to new functions for those proteins 
(Wray et al., 2003). 
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In vertebrates, repeated rounds of gene and whole genome duplication events have 
led to copy number variation across the eight different classes of globin genes, as listed in 
section 1.1.  For example, in fish Mb copy number variation can range from none (ice 
fishes: Chaenocephalus aceratus, Pseudochaenichthys georgianus and stickleback: 
Gasterosteus aculeatus) (Sidell & O’Brien, 2006; Hoffmann et al., 2011) to seven copies 
(lungfish: Protopterus annectens) (Koch et al., 2016).  Pseudogenisation has led to attrition 
in some of these globin classes in certain vertebrate lineages.  Specifically, the GbY is 
absent in birds, marsupials and placental mammals, while it is present in monotremes and 
most other vertebrate lineages with the exception of lampreys and ray-finned fishes 
(Burmester & Hankeln, 2014).  Similarly, this process of gene loss is responsible for the 
absence of Mb in a number of amphibian species (e.g., anurans (frogs)) (Maeda & Fitch, 
1982; Fuchs et al., 2006).  In the vertebrates, the formation of the α globin gene cluster is a 
consequence of tandem duplication leading to functional copy number variation, such as two 
in green anole (Anolis carolinensis) (Hoffmann et al., 2010b), three in chicken (Gallus 
gallus) (Reitman et al., 1993) and four in platypus (Ornithorhynchus anatinus) (Opazo  et 
al., 2008).  A recent systematic analysis of 22 avian and 22 mammalian genomes revealed a 
significant conservation in copy number within the avian α globin gene cluster (2-3 copies) 
but substantial variation among the surveyed mammalian lineages (2-8 copies)(Figure 1.2) 
(Zhang et al., 2014).  In addition to this duplication of α globin genes within the mammalian 
lineages, there is strong evidence to suggest that mutations which have accumulated in some 
duplicated copies may have led to the evolution of novel functions (He & Zhang, 2005).  
This process of neofunctionalisation is often a result of divergent natural selection acting on 
new genetic variation in duplicated gene copies. 
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Figure 1.2. Comparison of chromosomal organization of α and β globin gene clusters in avian and mammalian 
taxa. The α and β globin genes represented here encode the α and β subunits of a tetrameric haemoglobin (α2β2) 
(Zhang  et al., 2014). 
1.2.2 Divergent evolution of duplicated genes 
Divergent evolution of duplicated genes is the process in which genes of a similar 
function diverge from each other following duplication from a common ancestral gene 
(Bikard et al., 2009).  An example of divergent evolution in the globin superfamily is 
s een  in a number of vertebrate Hb proteins that undertake slightly different but similar 
functions.  These Hb proteins are encoded by genes which have evolved from the same 
ancestral gene but exhibit differences in their ontogenetic timing of expression and 
functional properties, such as affinity for oxygen (Gribaldo et al., 2003).  In fact, the 
differences in O2 scavenging and O2 transport roles of embryonic Hb versus adult Hb are 
attributable to amino acid replacements (non-synonymous mutations) in the zeta/epsilon and 
beta/alpha genes expressed in the embryonic and adult individual, respectively (Goodman et 
al., 1987).  Another example of divergent evolution driving evolutionary innovation in Hb 
proteins can be seen in the avian lineage.  In this instance, adult birds express two 
functionally distinct Hb isoforms, HbA and HbD (Grispo et al., 2012).  While the β globin 
chains in both isoforms are identical, two functionally distinct α chains, one encoded by the 
alphaA globin gene and the other by the alphaD globin gene are found in the HbA and HbD 
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isoforms, respectively.  The alphaA and alphaD globin genes share a common ancestral gene, 
but possess amino acid replacements that substantially alter O2 affinity in the presence of 
allosteric modulators (Storz et al., 2015).  Other examples of divergent evolution include the 
expression differences found in GbX paralogs (orthologous genes, which have diversified 
through duplication within the species) in the elephant shark (Callorhinchus milii) (Opazo et 
al., 2015).  In this example, GbX1 is expressed across a wide range of tissues, while the 
expression of GbX2 is primarily restricted to the gonads.  Taken together these examples 
highlight the process of divergent evolution operating on non-synonymous mutations in 
duplicated globin genes, but does not, however, explain the independent evolution of Hb in a 
number of metazoan lineages such as vertebrates, bivalves and annelids (Wray et al., 1996). 
1.2.3 Convergent evolution 
Convergent evolution is the independent evolution of the same function or 
phenotype in different lineages from different ancestral genes (Hoffmann et al., 2010b).  
As a consequence, it can lead to analogous molecules with similar functions in unrelated 
lineages (Hoffmann et al., 2010b; Burmester & Hankeln, 2014; Opazo  et al., 2015).  Such 
adaptive phenotypic convergence appearing in unrelated taxa is partly attributed to similar 
selection pressures operating on duplicated genes and this process is thought to be 
widespread in nature (Parker et al., 2013).  An important example of convergent evolution 
is observed in the independent evolution of electric organs in numerous fish species, where 
the myogenic electric organ produces electrical currents for the purposes of communication 
and is believed to have evolved multiple times (Gallant et al., 2014).  Similarly, 
echolocation in Cetacea (whales and dolphins) and Chiroptera (bats) has also been attributed 
to phenotypic convergence (Liu  et al., 2010).  Genome-wide analysis of cetaceans and two 
different bat lineages (Yinpterochiroptera and Yangochiroptera) have shown extensive 
convergent changes in nearly 200 loci containing coding sequences involved in echolocation 
(Parker et al., 2013).  Functionally different Hb proteins occurring within erythrocytes of 
agnathan (jawless) and gnathostome (jawed) vertebrates present another example of 
convergence (Hoffman et al., 2010a).  In these two disparate lineages, phylogenetic 
analyses have determined that the Hbs have not evolved from orthologous genes and are 
structurally distinct, reflected in a weakly cooperative dimeric Hb form produced in 
agnathans and a cooperative tetrameric Hb form found in gnathostomes (Figure 1.1) 
(Hoffmann et al., 2010a; Schwarze et al., 2014).  In addition to evidence of convergent 
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evolution of Hb among vertebrates, evidence of convergence between vertebrate and 
invertebrate Hb proteins is also observed. A specific example is the repeated evolution of 
intracellular tetrameric Hb in some bivalve mollusc species and vertebrates (O’Gower & 
Nicol, 1968).   In invertebrates, a variety of Hbs and Mbs have also been observed (Weber 
& Vinogradov, 2001) and are believed to be the result of globin proteins emerging several 
times convergently from different ancestral globin genes (Blank & Burmester, 2012; 
Schwarze et al., 2014). 
1.2.4 Invertebrate haemoglobins 
From primary sequence to secondary, tertiary and quaternary structures, a large 
diversity exists among invertebrate Hbs.  This variability is thought to represent 
specialization of Hb molecules to the wide range of environments they inhabit (Terwilliger, 
1998; Weber & Vinogradov, 2001; Alyakrinskaya, 2002; Gow et al., 2005).  Structurally, 
invertebrate Hbs also retain the globin fold (Gow et al., 2005) and exhibit a crystal structure 
that consists of at least six α-helices (Weber & Vinogradov, 2001).  Haemoglobin in 
invertebrates has evolved independently at least 11 times (Figure 1.3) (Weber & Vinogradov, 
2001), however, it is likely that this number may increase as more data becomes available for 
many understudied invertebrate lineages.  
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Figure 1.3. This simplified phylogeny represents evolutionary relationships between major metazoan taxa, some 
lesser known phyla are not included for simplicity or due to unclear relationships.  Taxa in which Hbs have been 
found are boxed in red.  This phylogeny illustrates the independent evolution of Hbs through their presence in 
11 major phyla shown here : Arthropods, Nematodes, Nemertines, Mollusks, Annelids, Echiurans, 
Pogonophorans, Phoronids, Playelminthes, Echinoderms and Chordates.  Adapted from (Halanych & 
Passamaneck, 2001). 
The diversity in Hb proteins is a result of sequence diversity seen in genes encoding 
invertebrate Hbs.  Within invertebrates; nematodes, annelids, arthropods and molluscs all 
possess genes encoding Hb proteins with more than a single functional globin domain which 
has resulted in a diversity of functional proteins (Natarajan et al., 2015).  The brine shrimp 
(Artemia), for instance, expresses two functional Hb genes (an α and β subunit type), each of 
which consists of nine tandem globin domains.  The association of the polypeptide chains 
encoded by these two genes results in the expression of three Hb proteins; a hetero-dimer (Hb 
II) and two homodimers (HbI and HbIII) (Manning et al., 1990).  Structurally, HbII is 
characterised by α and β subunit types, while HbI and HbIII are composed of α and β subunit 
types, respectively (Manning et al., 1990).  Interestingly, in addition to possessing multi-
domain Hbs, production of multiple types of Hbs appears common among invertebrates. For 
example, in the annelid worms (Branchipolynoe symmytilida and B. seepensis) a single 
domain globin gene (SD) encodes a 137 amino acid Hb protein, while a tetradomain gene 
(TD) encodes a Hb protein of 552 amino acids (Projecto-Garcia et al., 2010).  Figure 1.4 
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illustrates the exon-intron structure and domain architecture of the two Hbs from 
Branchipolynoe spp.  Similarly, in nematodes, there is a diversity of globins including single-
domain and di-domain Hbs (Projecto-Garcia et al., 2015).  It is notable that despite this 
diversity, the di-domain globin genes appear to have a restricted distribution only in two 
parasitic species (Ascaris suum and Pseudoterranova decipiens) (Darawshe et al., 1987; 
Dixon et al., 1991).  These di-domain globin genes from nematodes encode a large polymeric 
multi-domain Hb (octamer consisting of eight two domain subunits).  Overall, based on the 
observed diversity, invertebrate Hbs have been classified into four distinct groups according 
to their gene and protein subunit structures.  These include single domain, single-subunit 
Hbs; two-domain, multi-subunit Hbs; multi-domain, multi-subunit Hbs and single-domain, 
multi-subunit Hbs (Vinogradov, 1985). 
 
Figure 1.4 Gene structure from two Hbs found in annelid worms (Branchipolynoe spp.). This diagram 
illustrates the exon-intron structure and domain architecture for the single-domain (top) and tetra domain 
(bottom) globins found in these species (Projecto-Garcia et al., 2010). 
 
1.3 Bivalve haemoglobins 
 
Similar to the diversification patterns seen in other invertebrate lineages, bivalve 
molluscs show strikingly diverse patterns of Hb distribution and evolution.  This is of interest 
as bivalves typically do not possess a functional respiratory pigment and those that do were 
previously thought to utilise a copper-based respiratory pigment known as haemocyanin (Hc), 
with Hb expression considered rare (O’Gower & Nicol, 1968; Terwilliger, 1998).  Species 
that contain Hc are restricted to the earliest branching lineage of bivalves and it has been 
suggested that Hc is the ancestral oxygen-transport protein in class Bivalvia.  It has been 
shown, however, that Hb is more widely distributed in bivalve molluscs than previously 
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thought (Manwell, 1963; Smith, 1967; Terwilliger, 1998; Alyakrinskaya, 2002; Wajcman et 
al., 2009).   
Currently, four independent origins of Hbs have been hypothesised in bivalves 
(Figure 1.5).  The first instance is thought to have occurred in the primitive bivalve lineage 
containing Solemya velum, which possesses several different types of Hbs expressed 
predominately in gill tissue (Dando, 1985; Doeller et al., 1988; Torres-Mercado et al., 2003).  
In Lucina pectinata, also found in this lineage, three Hbs are expressed; HbI which is a 
sulphide reactive protein and HbII and III, which are O2 reactive globins (Montes-Rodriguez 
et al., 2016).  A second instance has occurred in the bivalve family Arcidae where species 
contain multiple forms of Hb in circulating erythrocytes (Mangum, 1997) represented in 
Figure 1.5 by Arca noae.  Haemoglobin diversity of Arcidae will be discussed in more detail 
in the following section as it constitutes one of the questions addressed by this thesis.  The 
third independent origin of bivalve Hb is found in the deep-sea clam genus Calyptogena.  
Species within this genus generally present with two homo-dimeric Hb proteins (HbI and 
HbII) in erythrocytes but C. nautilei possess two monomeric Hbs (HbIII and HbIV) which 
show low sequence identity to HbI and HbII (Kawano et al., 2003).  The fourth instance is an 
extracellular Hb found in the heterodont clams Cardita borealis and C. floridana (Manwell, 
1963; Terwilliger  et al., 1978).  Figure 1.5 depicts the basic bivalve phylogeny with the 
distribution of Hc and Hb among its taxa.  While these four cases listed above provide 
compelling evidence for the independent evolution of Hb in multiple bivalve lineages, it is 
not known whether Hb has evolved in other lineages where O2 transport proteins have not 
been examined. 
One lineage, in particular, that has not been extensively examined for the presence of 
Hb proteins are the members of the family Limidae.  This is significant as there is some 
evidence to indicate that some species in this family may also possess Hb proteins.  This 
evidence, however, is principally restricted to a single report of this observation (Rawat, 
2010) with no molecular or biochemical studies reported to date.  It is plausible to 
hypothesise that Limidae indeed possess Hb proteins based on their high metabolic rate 
associated with the ability to swim and the red pigmentation of their tissues (Baldwin & Lee, 
1978; Harper & Skelton, 1993; Mikkelsen & Bieler, 2003).  If present, Hb could represent an 
important physiological advantage for a more efficient oxygen delivery system to respiring 
tissues during swimming.  Consequently, if Hb were found in Limidae, then this would 
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constitute a fifth independent origin of Hb in bivalve molluscs.  This represents a key 
knowledge gap which will be addressed in this thesis. 
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Figure 1.5 Phylogenetic classification of class Bivalvia of molluscs. The main bivalve subclasses are 
represented here in different colours: Protobranchia, Pteriomorpha, Palaeoheterodonta, Archiheterodonta, 
Anomalodesmata and Imparidenta.  This basic phylogeny demonstrates the distribution of Hb (indicated as Hb 
following species and order name) and Hc (indicated as Hc) among bivalve taxa and the order of the species in 
which those respiratory pigments are found is indicated in grey brackets: Solemyoida, Nuculanoida, Arcoida, 
Carditoida and Veneroida.  Adapted from (Gonzáles et al., 2015). 
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1.3.1 Haemoglobins in the family Arcidae, Pteriomorphia subclass 
The bivalve family Arcidae, also referred to as the blood clams, are unusual in 
comparison to most bivalve species as they possess haemolymph which has a deep red 
coloration attributed to its circulating erythrocytes (Mangum, 1998).  These erythrocytes 
contain multiple Hbs; which are often dimeric (~ 32 kDa) and tetrameric (~ 65 kDa) (Como & 
Thompson, 1980b; Furuta & Kajita, 1983; Suzuki et al., 2000), with the exception of a 430 kDa 
polymeric Hb found in some members of the Barbatia genus, such as  B. reeveana and B. lima 
(Grinich & Terwilliger, 1980; Suzuki & Arita, 1995).  Dimeric Hbs in the Arcidae exhibit further 
structural complexity and can be homo-dimeric or hetero-dimeric (Furuta & Kajita, 1983; Mann 
et al., 1986; Suzuki et al., 1992).  In some species, such as blood cockles (Anadara trapezia and 
Scapharca inaequivalvis), multiple homo-dimeric Hbs have been found circulating in 
erythrocytes at the same time (O’Gower & Nicol, 1968; Fisher et al., 1984; Ronda  et al., 2013). 
 
The tetrameric Hbs in Arcidae are formed from two different subunits in an alpha2beta2 
(α2β2) arrangement, analogous to the vertebrate Hb (Ronda et al., 2013).  The α and β globin 
chains in these species range from ~ 145 to 165 amino acids in length (Mann et al., 1986; Suzuki 
et al., 1996).  Both the dimeric and tetrameric Hbs show different pairing of their helices to the 
canonical arrangement seen in vertebrate Hbs (Ronda et al., 2013).  Specifically, the E and F 
helices show subunit pairing, with the G and H helices on the outside of the quaternary structure, 
creating a back-to-front formation when compared to vertebrate Hb (Vinogradov, 1985).  Figure 
1.6 illustrates the comparison of the E and F helical arrangement of the human and S. 
inaequivalvis Hb.  This back-to-front structural arrangement is common to all invertebrate Hbs 
for which crystal structures have been resolved (Royer et al., 2005).  This structural variation is 
also considered to provide evidence to suggest that arcid Hb proteins are a result of convergent 
evolution with vertebrate (Royer et al., 2005). 
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Figure 1.6. Quaternary assembly of Homo sapiens and Scapharca inaequivalvis Hbs. (a) HbA refers to adult Hb 
in H. sapiens; (b) HbII refers to hetero-tetrameric arcid Hb in S.inaequivalis and (c) HbI refers to homo-dimeric 
arcid Hb in S.inaequivalis.  For each Hb structure represented here, haeme groups are shown in red, α (alpha) 
subunits are shown in dark grey, β (beta) subunits are shown in light grey and E and F helices are shown in blue. 
This illustrates the diversity of structures found in arcid Hbs with a heterotetramer (b) and a homodimer (c), 
both found in S.inaequivalis. It also shows the back to front assembly of the arcid Hbs with E and F helices 
arranging on the outside of the molecule compare to human Hb.  (Ronda et al., 2013). 
Based on the current literature, protein sequences have been more extensively studied in 
comparison to the underlying genetic variation.   Currently, most of the information regarding the 
genes encoding Hb proteins in Arcidae has been generated in studies which utilised small scale 
cDNA sequencing (Suzuki & Arita, 1995; Piro et al., 1996; Suzuki  et al., 2000).  This 
sequencing has demonstrated that the majority of species examined most frequently have two to 
three Hb encoding genes.  For example, Tegillarca granosa contains three different Hb genes; α 
and β encoding genes of the tetrameric Hb and a minor globin gene encoding the homo-dimeric 
Hb (Bao et al., 2013a).  S.inaequivalvis also expresses three homologous Hb genes (α, β and 
minor) (Piro et al., 1996; Piro et al., 1998).  Interestingly, these three genes have the same 
exon/intron structure seen in vertebrate Hb genes, consisting of three exons and two introns (Piro  
et al., 1996).  Unlike in the previous two examples, B. lima expresses four distinct Hb genes 
which encode a minor homo-dimeric globin (delta (δ)), a hetero-tetramer (α and β) and a 
polymeric globin (2D) (Suzuki et al., 1996).  The 2D gene is a di-domain globin and is thought 
to have resulted from a duplication of delta gene, producing two consecutive domains within 
a gene due to the loss of a stop codon (Suzuki et al., 1996).  While these studies capture some of 
the diversity of Arcidae Hb genes, they are principally based on previous protein evidence.  There 
Homo sapiens HbA Scapharca inaequivalis HbII Scapharca inaequivalis HbI 
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is a need for a systematic evaluation of diversity at the sequence level of all expressed Hb genes 
in this group of organisms. 
 In arcid bivalves, there is preliminary evidence to suggest that some duplicated Hb 
encoding genes may have taken on new functions.  For example, in T. granosa molecular 
analysis has revealed that some Hb encoding genes may play a role in immune response to 
bacterial pathogens (Bao et al., 2013b).  In this instance, single nucleotide polymorphisms 
identified in α and β Hb encoding genes (HbIIA and HbIIB) showed an association with 
resistance to pathogenic bacteria Vibrio parahaemolyticus (Bao  et al., 2013b).  In addition to 
this example of neofunctionalisation, there is also some evidence that duplicated Hb genes in 
some bivalves show tissue specific expression (Burmester et al., 2000), although, this has 
only been reported for species outside of the Arcidae.  Some authors speculate that the 
diversity of globin genes in Arcidae may have contributed to the capacity of these organisms 
to persist in anoxic or intertidal environments (Terwilliger et al., 1978; Alyakrinskaya, 2002).  
While these studies are few and speculative, further investigation is needed to determine the 
extent of gene duplication within a single species and if the duplicated genes have undergone 
neofunctionalisation.  Assessment of expression levels of Hb genes across different tissues 
under experimental perturbations (e.g., hypoxic versus normoxic abiotic stress) would allow 
identification and quantification of potentially new function in these genes.  
A.trapezia was the first arcid species to have its Hb proteins isolated and characterised.  
Early work by Nicol & O’Gower (1967) identified the presence of multiple circulating Hbs 
including a tetrameric (HbI) with an α2β2 configuration and two homo-dimeric Hbs (HbIIa 
and HbIIb).  The homo-dimeric forms appear to be allelic variants of the same gene as they are 
in Hardy-Weinberg equilibrium within populations (O’Gower & Nicol, 1968; Como & 
Thompson, 1980b; Mann et al., 1986).  One of the genes that encodes the β subunit of the 
tetrameric Hb (HbI) has been fully characterised (At & Eo, 1984), however, the complete gene 
sequence for the two homo-dimeric variants and the α subunit of the tetramer have not.  
Interestingly, another Hb gene encoding a minor Hb, possibly seen as a ghost band by 
O’Gower & Nicol (1968), has been characterised fully in A. trapezia (Titchen et al., 1991).  
Based on this protein and DNA evidence, it appears that, at least, four different Hb genes are 
present in this species.  Despite this significant early work on Hb in A. trapezia, there have 
been numerous inconsistencies regarding the nomenclature of the Hb proteins, and 
corresponding genes (if at all characterised).  In addition to this limitation, it remains unsure 
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whether the DNA and protein sequences reported for A. trapezia represent the complete 
repertoire of Hb encoding genes in this species.  This makes inferences about the evolution of 
Hb in bivalves difficult and highlights the need for a systematic evaluation of the Hb genes in 
A. trapezia and arcids in general.  Significantly, even less is known about the functional 
diversification of this gene family demonstrating the requirement for further functional 
genomic interrogation of Hb genes in the Arcidae. This paucity of information represents a 
key knowledge gap which will be addressed in this thesis. 
 
1.4 Aims 
The overarching aim of this study is to expand our understanding of the evolution of 
haemoglobin (Hb) encoding genes, one of the most important gene families in the metazoan 
tree of life.  Specifically, this thesis aims to address the lack of information regarding the 
distribution of Hb genes in bivalves and investigate potential evidence of 
neofunctionalisation in duplicated Hb genes of Arcidae bivalves.  In order to address these 
aims, the thesis will consist of two main objectives each with its own hypothesis. These 
include: 
• Objective 1 
o H1 – Duplicated Hb genes in Anadara trapezia, a member of the Arcidae 
family, show tissue specific expression patterns and therefore evidence of 
neofunctionalisation.  
This hypothesis will be tested by interrogating the recently published whole 
organism transcriptome of A. trapezia for all expressed copies of Hb genes and their 
expression measured across multiple tissues using quantitative Polymerase Chain Reaction 
(qPCR) techniques.  
• Objective 2  
o H1 – Bivalve Ctenoides ales, a member of the Limidae family, expresses Hb 
encoding genes and therefore provides evidence of a fifth independent origin 
of Hb in bivalve molluscs.  
The hypothesis in objective 2 will be tested by sequencing the expressed portion of 
the C. ales’ genome for presence of Hb encoding genes. Whole organism transcriptome will 
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be generated, sequenced utilizing high throughput sequencing techniques and 
bioinformatically interrogated for evidence of Hb expression.  
1.5 Thesis Outline 
Thesis presented here includes four main chapters, consisting of an introductory literature 
review (chapter 1), followed by two studies each described within their individual chapter 
(chapters 2 and 3).  Final section of the thesis is the general discussion (chapter 4).  
 
• Chapter 1  
The first chapter is a literature review which highlights the current understanding of 
vertebrate and invertebrate haemoglobins (Hb), focusing on their vast structural diversity and 
evolution.  This section also explores evolution by gene duplication and discusses divergent 
and convergent evolution.  In addition, it focuses on invertebrate Hbs and more specifically 
bivalves in light of the topic for this study. 
 
• Chapter 2 
This is the first data chapter which addresses Objective 1.  It provides an overview of 
duplicated Hb genes in Arcidae bivalves and highlights the knowledge gap in our 
understanding of the evolutionary innovation through neofunctionalisation of these genes. 
The chapter provides detailed methodological information on the measurement of tissue 
specific expression of candidate Hb genes in A. trapezia and interpretation of the results. 
Findings of this study are interpreted in detail in discussion.  
  
• Chapter 3 
Second data chapter which addresses Objective 2, describes the interrogation of the 
transcriptome of C. ales for presence of Hb encoding genes.  Methodology section in this 
chapter concerns the isolation, sequencing and bioinformatics interrogation of the C. ales 
transcriptome.   Results present the detailed outcomes of this interrogation and describe the 
transcriptional profile this species as well as the relevant candidate genes, followed by 
detailed discussion.  
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• Chapter 4  
In the fourth chapter, the overall outcomes of the project are discussed in context of the 
current body of work relating to evolution of bivalve Hbs.  Interrogation of the results is 
extended to encompass a discussion on the limitations of the study and potential applications 
of the outcomes reported in this thesis. 
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Chapter 2:   Tissue specificity and neofunctionalisation of haemoglobin 
genes in Anadara trapezia 
2.1 Background 
Haemoglobins (Hbs) are among the best studied proteins in vertebrates but little is 
known about their distribution, function and evolution in invertebrate lineages 
(Alyakrinskaya, 2002; Bao et al., 2013a).  A number of invertebrate lineages have 
independently evolved circulating Hbs as a mechanism to transport O2 for cellular respiration 
(Mangum et al., 1975).  Invertebrate lineages that have independently evolved circulating 
Hbs include some arthropods, some annelids and the Arcid bivalves (Terwilliger, 1998; 
Weber & Vinogradov, 2001; Wajcman et al., 2009).  
The Arcid bivalves are an interesting group of intertidal mollusc species known as 
blood clams.  This group displays a diversity of Hb proteins with monomeric, dimeric, 
tetrameric and polymeric protein forms (Terwilliger, 1980; Royer et al., 1985; Weber & 
Vinogradov, 2001).  In fact, the presence of multiple Hb proteins in circulating erythrocytes 
was first observed in the Australian blood clam, Anadara trapezia by Nicol & O’Gower 
(1967).  This study revealed the presence of at least three distinct proteins in this species, two 
homodimers and one tetramer, while protein sequencing indicated that at least two 
duplication events produced these proteins (Suzuki et al., 1996).  Having such a variety of Hb 
genes may allow these organisms to survive in the intertidal zone and endure long periods 
submerged or exposed to air.  A clinal pattern of allele frequencies has also been observed for 
the homo-dimer Hb gene in A. trapezia, which the authors hypothesised was associated with 
changes in environmental variables including temperature and salinity (O’Gower & Nicol, 
1968). 
The large number and variation in blood clam Hb proteins is thought to be the result 
of repeated rounds of gene duplications but the exact function of these diverse Hb proteins 
remains unclear.  Current data suggests that blood clam Hbs evolved from an ancestral 
mollusc globin gene which, following the divergence of the blood clam ancestor underwent 
repeated rounds of lineage specific gene duplication in different blood clam lineages (Riggs, 
1991).  More recent transcriptome data for A. trapezia (Prentis & Pavasovic, 2014) has 
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identified seven full length and genetically distinct Hb genes in this single species and 
indicates that gene duplication may have been more extensive than previously reported.  
The Hbs used in this study are HbI, a tetramer made up of α and β subunits encoded 
by the genes AG (alpha globin) and BG (beta globin); HbII, a homo-dimer molecule encoded 
by the HD gene, a hetero-dimer Hb encoded by the gene HB and a putative dimer Hb 
encoded by the gene 2D.  These genes were used for this study as they encode structurally 
distinct proteins including a homo-dimeric and tetrameric Hb proteins.  It is postulated that 
these different Hbs may show distinct patterns of tissue specific or environment specific gene 
expression.  Consequently, differences in their patterns of expression were tested across five 
tissues, that could be dissected distinctly and where Hbs where most likely to play a role, 
(haemolymph, foot, gills, mantle and muscle) in four different experimental treatments to 
determine if they showed tissue specific or environment specific gene expression. 
2.2 Material and Methods 
2.2.1 Sample acquisition and tissue dissection 
Anadara trapezia specimens were collected from the intertidal zone in Wynnum, 
Queensland, Australia (27°26'08.7"S 153°10'25.0"E) and transferred to holding tanks at 
QUT Marine Lab facility until required for experimentation.  All animals were collected 
under the general fisheries permit number 166312.  Ethics approval was not required since 
the specimens do not qualify as animals as described by the Queensland Animal Care and 
Protection Act 2001 (ACPA).  Water conditions during the acclimation period of bivalves 
were as follows: water salinity 30-35 ppt, pH 7.9-8.1, temperature 20-25 °C and ammonia 
levels (< 0.1 mg/L).  A 12 h light/dark cycle was also maintained in the tanks and the animals 
were kept unfed for one week prior to the start of the experiment. 
To best capture the variation in Hb expression, tissues were extracted from 
individual animals submerged in seawater, as well as animals undergoing aerial exposure in 
a moist tank (as experienced during periods of regular and prolonged low-tide). 
Consequently, animals used for tissue dissection consisted of 12 individuals collected at six 
hours (n = 6), six control animals submerged in water and six animals from a moist tank.  
This was repeated at 12 hours (n = 6 for both treatments).  In total, 24 A. trapezia individuals 
had following five specific tissues removed and used for analysis: haemolymph, mantle, 
muscle, gills and foot (Figure 2.1).  A few microlitres of fresh haemolymph from each animal 
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was used to conduct analysis to measure pH, pCO2 and sO2 % using Abbott i-STAT blood 
analysers.  Haemolymph samples were spun at 10,000 rpm for 3 min, supernatant removed 
and RNA was extracted immediately.  Tissue samples were snap frozen in liquid N2. 
 
Figure 2.1 Photograph of an A. trapezia specimen illustrating the anatomical position of all five tissues used to 
assess tissue specific expression of Hb genes in this study. 
 
2.2.2 RNA extraction and cDNA synthesis 
RNA was extracted from each tissue separately using Mollusc RNA extraction kit 
from Omega Biotek, following its longest protocol. Specifically, tissues were ground in 
liquid N2 and the fine powder obtained was transferred into 1.5 mL microcentrifuge tubes. 
These were rapidly brought to a fume hood and 350 µL of MRL buffer provided in the kit 
was added and vortexed. Three hundred and fifty µL of a 24:1 solution of 
chloroform:isopropanol freshly made were then added to each tube, vortexed mix and placed 
in a centrifuge for 2 min at 10,000 x g.  The upper aqueous phase of each tube was carefully 
removed and transferred to clean 1.5 mL microcentrifuge tubes.  One volume of isopropanol 
was added to each tube with the upper aqueous phase, vortexed and immediately centrifuged 
for 2 min at 10,000 x g. Supernatant was carefully aspirated and tubes were briefly inverted 
over a paper towel to remove any residual liquid.  RB buffer (100 µL) provided in the kit was 
then added to each tube, vortexed to re-suspend the pellets and briefly incubated in water 
baths at 65 °C to elute RNA.  Another 350 µL of RB buffer and 100 µL of 100 % EtOH was 
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added to each tube and vortexed.  The entire samples were then transferred into a HiBind® 
RNA (Omega Biotek) mini column inside a 2 mL collection tube for washing and elution.  
Samples were first centrifuged for 1 min at 10, 000 x g and filtrates were discarded.  Five 
hundred µL of RNA Wash Buffer I provided in the kit was added to the mini column and 
tubes were centrifuged for 1 min at 10,000 x g.  Filtrates were discarded and 500 µL of Wash 
Buffer II provided in the kit was added to the mini columns and centrifuged for 1 min at 
10,000 x g. Filtrates were discarded and another wash step was done with Wash Buffer II.  
All samples were then centrifuged for 2 min at max speed to dry the columns.  These were 
then transferred to clean 1.5 mL microcentrifuge tubes for elution.  Fifty µL of DEPC 
(Diethylpyrocarbonate) water provided in the kit was added to each tube and samples were 
centrifuged for 2 min at maximum speed and eluted RNA samples were stored at -70 °C.  
cDNA synthesis was performed using the SensiFASTTM cDNA Synthesis Kit (Bioline) 
following the manufacturer’s protocol.  cDNA synthesis was performed in a total volume of 
50 µL (20 µL water, 20 µL total RNA, 8 µL 5xTransAmp buffer and 2 µL reverse 
transcriptase) with the following cycling conditions: 1 cycle at 25 °C for 10 min, 1 cycle at 
42 °C for 60 min, 1 cycle at 85 °C for 5 min and a hold step at 4 °C.  The cDNA was used for 
all PCR reactions in downstream analysis. 
 
2.2.3 RT–PCR (Real Time PCR) 
Five candidate globin genes: putative dimer (2D), α chain (AG), homo-dimer (HB), 
hetero-dimer (HD) and β chain (BG) previously identified were amplified in each sample by 
using primers designed to amplify the entire Open reading frame (ORF) based on 
transcriptomic data from A. trapezia (Prentis & Pavasovic, 2014) (Table 2.1).  Polymerase 
chain reaction amplification was then performed to determine the presence or absence of 
each of the five genes in the different tissue samples using the following conditions: initial 
denaturation for 3 min at 94 °C and 30 cycles of 30 sec at 94 °C, 30 sec at 52 °C and 1 min at 
72 °C followed by one cycle of 5 min at 72 °C and a hold step at 4 °C. Amplicons were 
separated by electrophoresis on a 1.5 % agarose gel and stained with GelRedTM (Biotum). 
The intensity of PCR products was determined using an image analysis program assisted by a 
gel documentation system (Chemidoc XRS, Bio-Rad).  Some of these PCR products were 
also used for candidate gene validation through sequencing. 
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Table 2.1 List of primers designed to amplify products of candidate globin genes identified in the bivalve 
species A. trapezia using RT-PCR. All primers were designed to amplify the entire ORF of each gene with 
product sizes between 350 bp and 619 bp (Prentis & Pavasovic, 2014). 
              Gene Primer Name Primer Sequence Product size (bp) 
AG (Alpha chain) AGORF CGAGTCCGATTTATTGCTGA 545 
 AGORR TGTCAAACGAGACAGGTCCA  
BG (Beta chain) BGORF TAATGCAGCCTGGACAACAG 501 
 BGORR TTTGTTGTAGACGCCCTTTG  
HB (Homo-dimer) HBORF TTGTCACCTCCAGTCTGTCG 618 
 HBORR ACGCTACCCTGGTGATTGTC  
2D (Putative dimer) 2DORF CGAAACCCAAGTCCATCAT 506 
 2DORR ATCCCTCACAGAGTGCTGCT  
HD (Hetero-dimer)  
 
HDORF ATCTGACGGAAGCAGACG 515 
HDORR CGCGAGGTAGTGATATCGAA  
 
2.2.4 Candidate gene validation 
Amplicons from two samples were purified using the Bioline isolate PCR purification 
kit followed by cloning using the pGEM®-T and pGEM®-T Easy (Promega) vector systems 
quick protocol.  Duplicate samples for each gene in each biological replicate were selected and 
sequenced on the ABI Genetic Analyzer 3500 (ThermoFisher).  Sequences obtained were 
imported into the Geneious® software version 8.1.6 for visualization and comparison to the de 
novo assembled contigs from the A. trapezia annotation report using a pairwise global 
alignment. Sequences were aligned to the contig they were designed from to determine 
percentage nucleotide similarity. 
 
2.2.5 RT-qPCR (Real Time quantitative PCR) for quantification of gene 
expression 
RT-qPCR was performed on each sample using the One-Step Real Time PCR kit 
(Roche) and short primers designed based on past analysis of transcriptomic data from A. 
trapezia (Prentis & Pavasovic, 2014) (Table 2.2). These reactions were performed using the 
Lightcycler®480 real-time PCR system (Roche), measuring specific fluorescence at each 
cycle and quantifying the initial levels of mRNA for each Hb gene in each tissue.  The PCR 
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reactions were performed using the following conditions: 1 cycle of 5 min at 95 °C and 45 
cycles of 10 sec at 95 °C, 10 sec at 60 °C and 10 sec at 72 °C.  All quantitative PCR 
analyses were repeated in three technical replicates to determine the validity of results 
along with negative controls for each gene in each sample and 18S as a house keeping control 
gene. 
Table 2.2 List of primers designed to amplify products of globin genes identified in the bivalve species A. 
trapezia using RT–qPCR and determine their expression levels in different tissues.  All primers are designed to 
amplify products with sizes between 109 bp and 148 bp. (Prentis & Pavasovic, 2014). 
Gene Primer Name Primer Sequence Product size (bp) 
AG (Alpha chain) AGF TGATGACCCATCCAGATTGA 
117 
 AGR TTCAGGGTCTCCTTCATTGG 
BG (Beta chain) BGF TGTCGAGAGCATCGATGAAG 
109 
 BGR AAATTCGCTCGTCTTGGAGA 
HB (Homo-dimer) HBF GCTGTCAACCACATCACCAG 
139 
 HBR CCTGGACAACGCCTACAAGT 
2D (Putative dimer) 2DF ATCCGACCCATGGAATAACA 
114 
 2DR CGTGCAACATCTTCCAAGTC 
HD (Hetero-dimer)  HDF AAGGGACATGCCACAACATT 
148 
 HDR CTCCGAGTGCCTGAAATTCT 
18S 18F CGGCGACGTATCTTTCAAAT 
136 
 18R CTTGGATGTGGTAGCCGTTT 
 
2.2.6 RT-qPCR data analysis 
RT-qPCR data was exported and viewed in the Lightcycler96 software associated with 
the instrument. Relative quantification analysis was performed using the analysis function of 
the Lightcycler96 software based on the ∆∆CT method.  In this method, the housekeeping 
gene provides a basis for comparing levels of target sequences to levels of reference 
sequences and the final result is expressed as a relative ratio.  These relative ratio values were 
exported into Microsoft Excel version 14.0 to be converted to a format compatible with the 
program SPSS (Statistical Package for the Social Science) used for statistical analysis.  In this 
program, significance of results was assessed through ANOVA testing followed by Tukey’s 
post-hoc test and differences were considered significant at p < 0.05.  Firstly, to assess levels 
of target genes in each tissue, ratio values were used as a dependent variable against tissue 
type for each gene.  Secondly, significant differences in expression among conditions (water 
or air 6 hours and 12 hours) were assessed in the same way with ratio values as a dependent 
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variable and condition as factor. Due to very low relative ratio values, the following formula 
was applied to each value and plotted in SPSS: (-1/log (relative ratio)). 
2.3 Results 
2.3.1 Haemolymph analysis  
Haemolymph analysis results obtained from iSTAT are summarised in Figure 2.2.  
Haemolymph pH measurements ranged from 6.7 to 7.2 across the treatment groups with 
significant differences among samples exposed to air for 12 h and samples in water for 6 h 
and 12 h.  Oxygen saturation measurements ranged from 24 to 89 % with significant 
differences (p < 0.05) between the two time points of aerial exposure at 6 h and 12 h.  Figure 
2.2 shows a drop of nearly 30 % for oxygen bound to Hb molecules among samples kept in 
water for 6 h and samples exposed to air for 6 h.  Measurements for pCO2 ranged from 8.9 to 
20.9.  Values in water 6 h, air 6 h and water 12 h were relatively consistent across treatments, 
however, measurements for samples exposed to air for 12 h fluctuated significantly with 
values between 10.4 and 20.9.  Similar values were observed for samples in water for 6 h and 
in water for 12 h, but there is a slight increase in pCO2 in samples exposed to air for 6 h and a 
large increase samples exposed to air for 12 h, showing a gradual build-up of CO2 in the 
haemolymph of those animals.   
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Figure 2.2 Summary of haemolymph analysis results.  This data was obtained by testing a few microliters of 
fresh haemolymph using and Abbott i-STAT blood analyser.  This was done for all haemolymph samples across 
two conditions of experiment and two timepoints: water 6 h, air 6 h, water 12 h and air 12 h.  A) pH 
measurements, B) percentage of O2 saturation, C) partial pressure of CO2.  Significant differences were assessed 
through ANOVA testing using the program SPSS with pH values, percentage of O2 saturation values and pCO2 
values as dependent variables respectively.  Condition was used as a factor for each test and results were 
considered statistically significant at p < 0.05.  Statistically different groups are represented by the symbols (*) 
and (•) in each graph and error bars represent 2 standard errors around the mean. 
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2.3.2 RT-PCR 
 RT-PCR results are summarised in Table 2.3.  Results for the HD gene have been 
removed here as it could not be validated.  In haemolymph, all genes were amplified in all 
samples.  For foot samples, BG and HB were amplified in all samples, AG was amplified in 
23 out of 24 samples, 2D was amplified in 14 out of 24 samples.  Low amplification results 
for foot samples overall may be due to low yields of RNA obtained for this tissues.  In gill 
samples, 2D, AG and BG were amplified in at least 21 out of 24 samples and HB was 
amplified in 20 samples.  In mantle, all five genes were amplified in at least 22 out of 24 
samples.  In muscle samples, AG, BG and HB were amplified in all 24 samples and 2D in 21 
samples.  Overall, all four genes tested here are found in all tissues but their expression was 
significantly higher in the haemolymph while in the other tissues tested their expression was 
minor.  Inconsistencies with RT-qPCR results in section 2.3.4 may be due to RNA 
degradation in some of those samples or failed amplifications during RT-PCR. 
 Table 2.3 RT- PCR results summary for tissue specific expression.  All five genes (2D, AG, BG, HB and HD) 
have been amplified in six biological replicates for each tissue and each condition.  To summarise the results, in 
this table, a score is given out of 6 (total number of biological replicates) for each candidate gene amplified in 
each tissue and in each condition.  An asterix * represents weak bands obtained on gel electrophoresis for at 
least 2 biological replicates out of 6 in that group. 
Tissue 
 
Candidate 
globin genes 
Water 6 h Air 6 h  Water 12 h  Air 12 h  
Haemolymph 
 
2D 6 6 6 6 
AG 6 6 6 6 
BG 6 6 6 6 
HB 6 6 6 6 
Foot 
 
 
 
2D 4 4 5 1 
AG 6 5   6* 6 
BG 6 6 6 6 
HB 6 6 6 6 
Gills 
 
2D 6 6 6 5 
AG 5 6 5 5 
BG 5 6 5 5 
HB   5*   6*   4*   5* 
Mantle 
 
2D 5   6* 5 6 
AG 6 6 5 6 
BG 6 6 5 6 
HB 6 6 5 6 
Muscle 
 
2D 6 6 6 4 
AG 6 6 6 6 
BG 6 6 6 6 
HB 6 6 6 6 
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2.3.3 Candidate gene validation 
 Figure 2.3 shows PCR products for all candidate genes used in sequencing for 
validation.  Following Sanger sequencing, alignments of amplified sequences showed 100 % 
similarity with the original candidate ORFs for 2D, AG, BG and HB, while HD did not show 
the correct sequence and therefore was not validated.  
 
 
Figure 2.3. PCR products amplified from two mantle samples to validate candidate Hb genes.  Amplified PCR 
products obtained here were purified using the Bioline isolate PCR purification kit followed by cloning using 
the Promega pGEM-T and pGEM-T easy vector systems quick protocol.  Samples were then sequenced on 
the ABI Genetic Analyzer 3500 in duplicate.  Each gel of this figure represents one mantle sample.  For both 
gels A (sample 1) and B (sample 2): lane 1 contains 100 bp Hyperladder, lane 2 through to 7 contain amplified 
products for 2D, AG, BG, HB, HD and 18S genes respectively. 
2.3.4 RT-qPCR for quantification of gene expression 
RT-qPCR results revealed that 2D, AG and BG had significantly higher expression 
levels (p < 0.05) in haemolymph compared to other tissues (Figure 2.4).  In the case of HB, 
there were no significant differences (p > 0.05) in expression levels across tissues with 
overall lower expression than the other genes tested.  These results are consistent with 
amplification curves for target genes and for the housekeeping gene 18S as shown in Figure 
2.5.  In haemolymph, fluorescence is first detected in cycle 12 and this first cluster represents 
amplification curves for 2D, AG and BG.  The second cluster of amplification curves begins 
at cycle 32 and represents HB expression.  This difference is also observed across all tissues 
in relative expression of 2D, AG and BG compared to HB as seen in Figure 2.4.  
Amplification curves for foot, mantle and muscle follow a similar pattern with fluorescence 
detected at cycle 20 for 2D, AG, BG (first cluster) and at cycle 26 for HB (second cluster).  
The housekeeping gene 18S used in all PCR runs was consistently detected at cycle 8, across 
A B 
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all tissues.  Relative expression levels showed no significant differences between air or water 
exposed samples (Figure 2.6).  
Figure 2.4. Relative expression ratios of candidate globin genes amplified using RT-qPCR.  Candidate genes 
amplified in each tissue from the bivalve A.trapezia are represented as follows: 2D, AG, BG and HB.  Relative 
quantification analysis was performed using the ∆∆CT method.  Relative expression is expressed as a ratio of 
levels of target sequences to levels of reference sequences with 18S used here as a housekeeping gene.  
Significant differences were assessed through ANOVA testing using the program SPSS and differences were 
considered statistically significant at p < 0.05.  Significantly different groups are shown here with an asterix (*).   
Ratio values were used as a dependent variable against tissue type for each gene.  Error bars represent 2 
standard errors around the mean. 
Relative expression of 2D across tissues Relative expression of AG across tissues 
p < 0.05  
Relative expression of BG across tissues Relative expression of HB across tissues 
p < 0.05  
p < 0.05  
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Figure 2.5. Examples of amplification curves obtained for target genes (2D, AG, BG, HB) and housekeeping 
gene 18S in each tissue type.  Target amplification curves are represented in orange (left), negative controls in 
green (left) and reference amplification curves in blue (right).  RT-qPCR was performed using a Lightcycler® 
measuring specific fluorescence at each cycle.  All quantitative PCR analyses were repeated in three technical 
replicates along with negative controls and 18S as a housekeeping gene. 
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Figure 2.6. Relative expression of candidate globin genes in A. trapezia amplified using RT-qPCR.  Relative 
quantification analysis was performed using the ∆∆CT method.  Relative expression is shown as a ratio of levels 
of target sequences to 18S sequences, used here as a housekeeping gene.  Significant differences (p < 0.05) were 
assessed through ANOVA testing using SPSS with ratio values as dependent variable, condition as factor in 
each tissue.  No statistical differences were found here.  Error bars represent 2 standard errors around the mean.   
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2.4 Discussion 
In this study, the expression of Hb encoding genes was examined (2D, AG, BG and 
HB) across different tissues and environmental conditions, in A. trapezia, in order to 
determine if these genes show patterns of expression consistent with neofunctionalisation.  
Based on these findings, three Hb encoding genes appear to be predominantly expressed in 
the haemolymph.  This pattern was observed to be consistent across the two environmental 
conditions tested (submersion and aerial exposure).  Physico-chemical properties of the 
haemolymph, however, indicated that major physiological changes are occurring in the 
haemolymph without major changes in expression of Hb genes.      
 
2.4.1 Haemolymph characteristics 
Haemolymph analysis was performed in order to gain insights on the state of Hb 
molecules and gas exchange throughout the experiment.  pH values remained constant in 
animals kept in water for 6 h and 12 h.  However, animals exposed to air for 6 h (pH= 7.2) 
showed a slight drop in pH and a significant drop was observed in animals exposed to air for 
12 h (pH= 6.9).  This finding is consistent with observations in another bivalve species 
(Crassostrea  gigas) (Michaelidis et al., 2005).  This is an interesting physiological response 
as C. gigas does not have a circulating respiratory pigment and this therefore suggests that 
these changes may be independent of Hb in the haemolymph.  The drop in pH and increase in 
pCO2 in animals exposed to air for 6 h was not statistically significant (p > 0.05), however, 
this may be due to the fact that A. trapezia is typically exposed to six hours (high to low) tide 
cycles.  Consequently, the animals may still be consuming their oxygen stores and relying on 
aerobic metabolism (Booth et al., 1984).  
The observed significant decline in pH is consistent with the increase in pCO2 in 
animals under prolonged aerial exposure (12 h), and may be explained by a shift of the 
organism from aerobic metabolism to anaerobic metabolism, an adaptation to hypoxia 
widespread among bivalves (Brooks et al., 1991; De Zwann et al., 1993).  This is well 
supported in literature on marine bivalves, where a large number of studies have shown that 
hypoxia causes pCO2 to rise in the haemolymph due to the accumulation of CO2 as an 
anaerobic by-product, leading to acidification of body fluids and a drop in pH levels 
(Crenshaw & Neff, 1969; Jokumsen & Fyhn, 1982; De Zwann et al., 1983; Booth et al., 
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1984; Michaelidis et al., 2005; Shumway & Parsons, 2011).  This gradual switch from 
aerobic to partial or complete anaerobic metabolism upon prolonged air exposure is 
documented in bivalves such as the deep-sea clam (Calyptogena magnifica) (Hourdez & 
Lallier, 2006) and the sea mussel (Mytilus edulis).  Another study on the intertidal lugworm 
Arenicola marina (Booth et al., 1984; Toulmond & Tchernigovtzeff, 1984; Wang & 
Widdows, 1991), which is known for its ability to rapidly acclimate to restricted O2 
availability in its habitat, reinforces this finding and reports that acidosis was also found to be 
coupled with a rise in pCO2 as a result of decreased gas exchange during low tide (Toulmond 
& Tchernigovtzeff, 1984).  Moreover, from results in this study, globins present in the 
haemolymph of A. trapezia do not seem to show a Bohr effect unlike Hbs found in teleost 
fish species (Souza & Bonilla-Rodiguez, 2007; Witeska, 2013).  The saturation of oxygen 
appears independent of pH as a significant drop in pH is coupled with a significant increase 
in sO2 % for animals exposed to air for 12 h.  This is consistent with previous studies on Hb 
containing bivalves such as Barbatia reeveeana (Grinich & Terwilliger, 1980), Cardita 
floridana (Manwell, 1963) and  Anadara broughtonii (Furuta & Kajita, 1983) for which no 
Bohr effect was observed. 
 
2.4.2 Tissue specific expression and neofunctionalisation 
It is now widely accepted that invertebrate Hbs are understudied, particularly in 
reference to their evolution, distribution and functions (Alyakrinskaya, 2002; Bao et al., 
2013a).  In an attempt to address this knowledge gap, a quantitative investigation of Hb 
encoding genes was performed across five different tissues in A. trapezia individuals 
undergoing aerial exposure.  A. trapezia is particularly suited to examine neofunctionalisation 
of Hb genes as it expresses multiple different Hb genes (Como & Thompson, 1980b) and is 
commonly under abiotic stress due to aerial exposure during tidal cycles (Davenport & 
Wong, 1986).  A. trapezia, like most bivalves, possesses an open circulatory system where 
surface areas for O2 uptake are composed of a pair of gills and mantle tissue anchored to the 
shell (Herreid, 1980).   
While strong patterns of differential expression across tissues were observed, there was 
no evidence to support any changes in expression differences across environmental 
conditions.  This may indicate that these genes have similar functions under environmental 
stress.  Alternatively, the aerial exposure in this experiment mimics a tidal cycle at 6 h and a 
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prolonged period of 12 h, the absence of significant differences (p > 0.05) in expression 
levels of Hb encoding genes during air exposure may indicate that multiple Hbs maximise O2 
binding and supply during times of hypoxia (Projecto-Garcia et al., 2015).  
All Hb encoding genes were expressed across all tissues but the genes encoding AG, 
BG and 2D had significantly higher expression in haemolymph than foot, gills, mantle and 
muscle (p < 0.05).  Other authors have used patterns of tissue specific expression of 
duplicated genes to infer that they have undergone neofunctionalisation (e.g., Na/K- ATPase 
in fish in electrical organs) (Norman et al., 2011; Gallant et al., 2014).  Consequently, results 
in this study would indicate that at least three of the candidate genes investigated (AG, BG 
and 2D) have potentially undergone neofunctionalisation based on their expression patterns.  
Although it may be expected that Hb genes have a higher expression in haemolymph, most of 
closely related bivalve lineages to Arcidae do not possess circulating erythrocytes (Sullivan, 
1961; Read, 1966).  This indicates that these genes have undergone altered expression 
patterns following duplication from an ancestral globin gene.  This may have been influenced 
by their challenging living environment in intertidal zones where they are regularly exposed 
to changing oxygen availabilities.        
While Hb genes were expressed across multiple tissues, the expression levels may 
have been somewhat influenced by the permeability of tissues to haemolymph.  For example, 
the gills are highly permeable to haemolymph because they are made up of folded and 
ciliated epithelium to maximise surface area for gas exchange (Widdows et al., 1979).  
Similarly, mantle tissue is rich in capillaries where oxygenated haemolymph is distributed to 
the rest of the tissues for O2 delivery (Weber, 1980).  Muscle and foot tissue also depend on 
haemolymph for O2 supply and consequently the lower expression patterns seen across all 
tissues apart from haemolymph may be the result of the residual haemolymph content within 
them.   
2.5 Conclusion 
 Overall, air exposure for 6 hours mimicking the duration of a low tide does not 
change the haemolymph pH in A. trapezia whereas prolonged air exposure causes acidosis in 
the haemolymph.  This drop in pH on prolonged air exposure coincides with a rise in pCO2 
and therefore indicates that the organism may be switching to anaerobic metabolism in order 
to deal with this stress.  In terms of expression of Hb encoding genes, the multiple Hbs 
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expressed in this species are present in all tissues but their expression is significantly higher 
in haemolymph than in foot, gills, mantle and muscle.  For at least three of these Hb encoding 
genes, this contributes to the theory that they have undergone neofunctionalisation through 
gene duplication.  In this case, the unfavourable O2 conditions of the intertidal environment 
these bivalves live in may have been a driver for this selective adaptation. 
38 Chapter 2: Tissue specificity of haemoglobin genes in Anadara trapezia 
 
  
Chapter 3:  Functional annotation of the Ctenoides ales transcriptome 
3.1 Background 
Respiratory pigments, or oxygen-transport proteins, within the bivalve lineage show a 
patchy distribution, as well as extensive variation in both form and function across species in 
which they are expressed (Terwilliger, 1980; Booth et al., 1984; Morse et al., 1986; Mangum 
et al., 1987; Weber & Vinogradov, 2001).  The majority of bivalves do not have a functional 
respiratory pigment and rely on filtration of highly oxygenated water over the gills, to meet 
their respiratory demands (Angelini et al., 1998).  Those bivalve species that do possess a 
respiratory pigment usually express haemocyanin (Hc) (Terwilliger et al., 1988), a complex 
copper – based protein that reversibly binds O2.  In rare cases, however, bivalves utilise a type 
of haemoglobin (Hb), as seen in orders Arcoida, Carditoida, Solemyoida and Veneroida 
(Manwell, 1963; Terwilliger et al., 1978; Dando et al., 1985; Doeller et al., 1988; Suzuki et 
al., 2000).  Based on the current phylogenetic reconstruction of the bivalve species by 
González et al. (2015), it appears that the earliest lineages possess Hc as the primary 
respiratory pigment.  Based on this observation, and the fact that almost all gastropods (sister 
lineage to bivalves) possess Hc (Linzen et al., 1985), it is likely that Hc is the ancestral 
oxygen-transport protein in Bivalvia.  Unlike Hc, Hb is thought to have evolved from 
ancestral globin genes on multiple occasions within bivalves. 
Currently, four independent origins of Hbs have been hypothesised in bivalve 
molluscs. The first instance is thought to have occurred in the primitive bivalve lineage 
containing Solemya velum in the order Solemyoida.  In addition to circulating hemocyanins, 
this species contains several tissue Hbs, predominantly localised in the gills (Dando et al., 
1985; Doeller et al., 1988).  The second independent origin of Hbs was reported in the bivalve 
family Arcidae in the order Arcoida, where evidence suggests that all species investigated 
contain multiple Hbs in circulating red blood cells (Mangum, 1997).  The diversity of Hbs in 
this group consists of monomeric, homo-dimeric, hetero-dimeric, tetrameric and polymeric 
proteins (Terwilliger, 1980).  The third reported origin of bivalve Hb is found in the deep-sea 
clam genus, Calyptogena in the order Veneroida.  In this genus, species such as C. kaikoi 
contain two types of homo-dimeric Hb proteins, where one is found in erythrocytes and the 
other is restricted to abductor muscle tissue (Suzuki et al., 2000).  The fourth instance is an 
extracellular Hb found in the heterodont clams, Cardita borealis and Cardita floridana in the 
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order Carditoida (Manwell, 1963; Terwilliger et al., 1978).  While these four cases provide 
compelling evidence for the independent evolution of Hb in multiple bivalve lineages it is not 
known whether Hb has evolved in other lineages where oxygen-transport proteins have not 
been examined. 
Interestingly, there is some sparse evidence to suggest that members of the family 
Limidae may also possess Hb proteins.  This is largely restricted to one textbook publication 
(Rawat, 2010) with no molecular or biochemical studies having been reported.  It is plausible 
to hypothesise that Limidae indeed possess Hb proteins based on their high metabolic rate 
associated with the ability to swim and the red pigmentation of their tissues (Harper & 
Skelton, 1993; Mikkelsen & Bieler, 2003).  If present, Hb could represent an important 
physiological advantage for a more efficient O2 delivery system to respiring tissues during 
swimming.  Consequently, if Hb were found in Limidae, then this would constitute a fifth 
independent origin of Hb in bivalve molluscs.  
 An efficient approach to determine if Hbs are present in a given species is to sequence 
the entire expressed portion of their genome, as it has successfully been performed in the 
blood clams, Tegillarca granosa (Bao & Lin, 2010) and A. trapezia (Prentis & Pavasovic, 
2014).  Research into the presence of Hb in the family Limidae has lagged principally due to a 
lack of genomic and proteomic resources developed for species from this bivalve family.  
Here, the transcriptome sequencing, assembly and annotation for C. ales, a non-model bivalve 
mollusc from the family Limidae is described, for which no transcriptome data currently 
exists.  The aim of the present study is to test the hypothesis that Hb genes, that encode for a 
functional Hb protein, are present in this species and this would therefore likely constitute a 
fifth independent origin of Hb in bivalves, as these proteins have only been found in the 
bivalve orders Arcoida, Carditoida, Solemyoida and Veneroida.  The newly generated 
transcriptome will also greatly increase the genomic resources for C. ales and provide an 
initial candidate gene list for further genetic research. 
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3.2 Materials and Methods 
3.2.1 Sample collection 
C. ales specimens were obtained from Cairns Marine Pty Ltd, Australia and kept in 
holding tanks at the Marine Facility (QUT) , until required for experimentation.  This 
experiment required no ethics approval as the specimens do not qualify as animals as 
described by the Queensland Animal Care and Protection Act 2001 (ACPA).  Water 
conditions were salinity at 30 - 35 ppt, pH 7.9 - 8.1, temperature 20 – 25 °C and ammonia 
levels < 0.1 mg/L. A 12h light/dark cycle was maintained.  Animals were fed every three days 
with phyto-blast containing a wide range of aquaculture marine phytoplankton (Continuum 
Aquatics). 
3.2.2 RNA extraction, library preparation and sequencing 
One individual tissue sample was used and divided into four for RNA extraction, as 
per previously optimised TRIzol/chloroform RNA extraction protocol for mollusc species 
(Prentis & Pavasovic, 2014).  Specifically the protocol consisted of following steps: 1.0 mL 
of Trizol reagent was added to the 1.5 mL microcentrifuge tubes containing tissue and each 
tube was vortexed to mix for 5 min.  The samples were then incubated at room temperature 
for 2 min.  Chloroform (0.2 mL) was added to each tube and vortexed for 20 – 30 sec, 
followed by a 5 min incubation at room temperature.  Samples were spun at 12,000 g for 15 
min and the aqueous clear phase in each tube was collected carefully without disturbing the 
other layers, and placed in four new 1.5 mL microcentrifuge tubes.  Following this, 
isopropanol (0.5 mL) was added to each tube of newly collected solution and vortexed for 
approximately 10 sec.  Sodium chloride (1.2 M, 100 µL) was added to each tube, followed by 
a 10 min incubation at room temperature.  Samples were then spun at 12,000 g for 15 min and 
supernatant removed from each tube without disturbing the pellets.  Ethanol (70%, 200 µL) 
was then added to each tube to wash the pellets, followed by centrifugation at 12,000 g for 10 
min and removal of supernatant.  The pellets were then allowed to air dry for 10 min before 
being eluted in 50 µL of RNase free water.  The RNA was then visualised on a 1.5 % agarose 
gel.  The quantity and integrity of total RNA was validated on a Bioanalyzer 2100 RNA Nano 
chip (Agilent Technologies).  
Sequencing libraries were prepared from 20 µg of total RNA using a TruSeq® 
stranded RNA library prep kit (Illumina), as per manufacturer’s low sample (LS) protocol.  
This consisted of selective purification of mRNA using oligo(dT) magnetic beads and 
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subsequent selection of 200 – 700 bp fragments. Specifically, total RNA was diluted with 
nuclease-free ultra-pure water to a final volume of 50 µL in a 96 - well 0.3 mL PCR plate 
provided in the kit and labelled with a RNA Purification beads (RPB) code.  After being 
brought to room temperature, the tube containing the RNA Purification Beads was vortexed to 
resuspend the oligo-dT beads.  50 µL of RNA Purification Beads was added to each well of 
the RBP plate to bind the polyA RNA to the oligo-dT magnetic beads. Each well was then 
mixed thoroughly by pipetting the entire volume up and down six times followed by sealing 
of the plate with a Microseal adhesive seal provided.  The RBP plate was then placed in a 
thermal cycler on a cycle of 65 °C for 5 min and 4 °C hold to denature the RNA and facilitate 
binding of the polyA RNA to the beads.  After being taken out of the cycler, the RBP plate 
was incubated at room temperature for 5 min to allow the RNA to bind to the beads. The 
adhesive seal was then removed and the plate was placed on the magnetic stand at room 
temperature for 5 min to separate the polyA RNA bound beads from the solution.  
Supernatant from each well was then removed, discarded and the plate was taken off the 
magnetic stand.  Beads were washed by adding 200 µL of Bead Washing Buffer provided in 
each well to remove unbound RNA.  Wells were mixed thoroughly by pipetting up and down 
six times.  The RBP was again placed on the magnetic stand for 5 min at room temperature.  
After being thawed, the Elution Buffer solution provided was centrifuged at 6,000 g for 5 sec.  
Supernatant from each well was removed after incubation and discarded as it contained most 
of the ribosomal RNA and other non-messenger RNA.  The RBP plate was removed from the 
magnetic stand and 50 µL of Elution Buffer was added to each well and mixed thoroughly by 
pipetting up and down six times.  The RBP plate was sealed and placed in the thermal cycler 
on a cycle of 80 °C for 2 min and 25 °C hold to elute the mRNA from the beads.  This step 
releases both the mRNA and any contaminant rRNA that may have bound to the beads non-
specifically.  The plate was removed from the thermal cycler and unsealed.  After thawing, 
the Bead Binding Buffer provided was centrifuged at 600g for 5 sec.  Bead Binding Buffer 
(50 µL) was added to each well of the RBP plate to allow mRNA to specifically rebind the 
beads as well as reducing the amount of rRNA that is bound non-specifically.  Each well was 
mixed.  The RBP plate was then incubated at room temperature for 5 min and then placed on 
the magnetic stand where supernatant was removed and discarded.  The plate was removed 
from the stand and the beads were washed by adding 200 µL of Bead Washing Buffer in each 
well and mixing.  The plate was placed on the magnetic stand at room temperature for 5 min 
and supernatant was removed and discarded to avoid any residual rRNA and other 
contaminants.  The plate was removed from the magnetic stand and 19.5 µL of Fragment, 
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Prime, Finish Mix provided were added and mixed thoroughly with the RNA to serve as a 
first strand cDNA synthesis reaction buffer as they contain random hexamers.  The plate was 
sealed and placed in the thermal cycler on a cycle of 80 °C for 8 mins and 4 °C hold.  The 
RBP plate was then removed from the thermal cycler and centrifuged briefly. Complementary 
DNA synthesis was then carried out on enriched mRNA samples as follows: the RBP plate 
was placed on the magnetic stand at room temperature for 5 min and 17 µL of supernatant in 
each well was transferred to the corresponding well on a new 0.3 mL PCR plate labelled with 
a cDNA Plate (CDP) barcode.  After thawing, the First Strand Synthesis Act D mix was 
centrifuged at 6,000 g for 5 sec.  SuperScript II (50 µL) was added to the First Strand 
Synthesis Act D tube.  Eight µL of this mix was added to each well of the CDP plate and 
mixed thoroughly.  The CDP plate was sealed and centrifuged briefly before being transferred 
to the thermal cycler on a cycle 25 °C for 10 min, 42 °C for 15 min, 70 °C for 15 min and 
hold at 4 °C.  The CDP plate was then taken out of the thermal cycler and unsealed.  Five µL 
of Resuspension Buffer was added to each well followed by 20 µL of thawed and centrifuged 
Second Strand Marking Master Mix provided.  Each well was thoroughly mixed and the plate 
sealed. The CDP plate was placed in the thermal cycler and incubated at 16 °C for one hour.  
It was then removed from the cycler and unsealed.  Well-mixed AMPure XP beads (90 µL) 
provided was added to each well now containing 50 µL of double stranded cDNA and this 
was mixed by pipetting the entire volume up and down ten times.  The CDP plate was then 
incubated at room temperature for 15 min before being placed on the magnetic stand for 5 
min.  135 µL of supernatant was removed and discarded from each well.  Freshly made 80 % 
EtOH (200 µL) was then added to each well without disturbing the beads and the plate was 
incubated at room temperature for 30 sec before removing and discarding all of the 
supernatant from each well.  This EtOH wash step was repeated one more time before leaving 
the CDP plate to dry at room temperature for 15 min.  The CDP plate was then removed from 
the stand and 17.5 µL of thawed and centrifuged Resuspension Buffer provided was added to 
each well and mixed.  The plate was incubated at room temperature for 2 min and placed on 
the magnetic stand for 5 min.  Fifteen µL of supernatant from each well was then transferred 
from the CDP plate to a new 96 well 0.3 mL PCR plate labelled with an Adapter Ligation 
Plate (ALP) barcode. 
Purified fragments were poly-A tailed, ligated to Illumina paired-end adapters, and 
size selected by gel purification.  Finally, PCR was used to enrich the DNA fragments with 
the following conditions: one cycle at 98 °C for 30 sec, 15 cycles of 98 °C for 10 sec, 60 °C 
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for 30 sec, 72 °C for 30 sec, one cycle at 72 °C for 5 min and hold at 4 °C.  The final cDNA 
library was sequenced on an Illumina NextSeq500 using 150 bp paired-end chemistry. 
 
3.2.3 Transcriptome assembly and validation  
Following sequencing, the libraries were concatenated into two separate files based on 
read direction (-left all_R1_reads.fastq and –right all_R2_reads.fastq).  Quality control was 
then performed on both files to validate the quality of the raw reads prior to assembly. This 
was done using the FastQC program which provides summary statistics for read quality, 
length and GC content (Andrews, 2010).  Low quality reads (sequences with > 1 % N bases 
and/or greater than 1 % Q < 20) were discarded and only reads with quality scores above Q20 
and less than 1 % ambiguity were used for downstream analysis. These remaining reads were 
assembled into contigs ≥ 200 bp using the Trinity short read de novo assembler (version 2.0.6) 
(Grabherr et al., 2011).  Assembled contiguous sequences (contigs) were filtered for 
redundancy and chimeric transcripts using the program CD-HIT (Cluster Database at High 
Identity with Tolerance), version 4.6.1 (Huang et al., 2010) and sequences with > 95 % 
similarity were clustered into a single contig.  At this point, the C. ales transcriptome 
assembly was evaluated for completeness using CEGMA (Core Eukaryotic Genes Mapping 
Approach) to determine the presence of a group of 248 highly conserved core eukaryotic 
genes. 
 
3.2.4 Functional annotation of transcripts and mapping 
The transcriptome assembly was functionally annotated using sequence based searches 
implemented in the Trinotate annotation pipeline (Haas et al., 2013), which is a 
comprehensive annotation suite designed specifically for de novo assembled transcriptomes of 
model or non-model organisms.  Trinotate generates functional annotation based on 
homology searches to known sequence data, protein domain identification and protein signal 
peptide/transmembrane domain predictions before integrating the analysis of transcripts into a 
SQLite database to obtain an annotation report as described below and as summarised in 
Figure 3.1.  Firstly, contigs were used as BLASTx queries against the TrEMBL and Swiss-
Prot databases with a stringency E-value of 1 x 10-6.  Both of these databases are a collection 
of core data on proteins such as the amino acid sequence, the protein name or description, the 
taxonomic data, the citation information and as much annotation information as possible.  
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They are used concurrently as TrEMBL is computationally analysed while Swiss-Prot is 
manually annotated based on literature and curated computational analysis.  Gene ontology 
terms were assigned to contigs that received BLAST hits that also contained functional 
information.  In order to characterise the transcriptomic data obtained, these terms were 
analysed using WEGO (Web gene Annotation Plotting) (Ye et al., 2006).  TransDecoder 
v.2.0.1 (Haas et al., 2013) was used to generate a predicted proteome for the transcriptome 
assembly based on the longest open reading frame (ORF) in each transcript.  The predicted 
proteome was then used as a BLASTp query against the TrEMBL and Swiss-Prot databases.  
SignalP 4.1 was used to predict the presence and location of signal peptide cleavage sites in 
coding sequences.  Pfam domains were assigned using the Hidden Markov Model-based 
sequence alignment tool (HMMER) to determine the presence and position of domains within 
each predicted proteome.  The analyses obtained for all transcripts were then uploaded to the 
SQLite database and an annotation report was generated. Trinity output consisted of sequence 
clusters identified as genes through BLASTx searches against the TrEMBL and Swiss-Prot 
databases. 
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Figure 3.1. Workflow overview of functional annotation of the C. ales transcriptome using the Trinotate 
annotation pipeline.  This is a comprehensive annotation suite based on homology searches to known sequence 
data.  Contigs were first used as BASLTx queries against the TrEMBL and Swiss-Prot databases (stringency E-
value of 1 x 10-6).  TransDecoder was used to generate a predicted proteome then used as a BLASTp query 
against the TrEMBL and Swiss-Prot databases.  SignalP was used to predict the presence and location of signal 
peptides and Pfam to determine the presence and position of protein domains.  All results were uploaded to the 
SQLite database and an annotation report was generated.  Adapted from van der Burg et al. (2016). 
 
3.2.5 Comparative transcriptomics  
In order to further validate the newly generated transcriptome, orthologous gene clusters 
for C. ales, A. trapezia and the two model species Lottia gigantea and Crassostrea gigas were 
compared and annotated using the program OrthoVenn (Wang et al., 2015).  The predicted 
proteomes from the genome of L. gigantea and C. gigas were used and compared to the 
predicted proteome from the whole organism transcriptome of A. trapezia and C. ales.  
Ortholog groups were identified by an all-against-all or reciprocal BLASTp alignment. 
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3.2.6 Candidate genes identification  
The annotated transcriptome was interrogated for candidate globin genes, here defined 
as contigs that possess a characteristic globin fold sequence and globin domain as identified in 
the Trinotate pipeline through BLASTp and Pfam.  Candidate contigs identified were 
analysed through ORF finder (Stothard, 2000) to determine open reading frames.  Coding 
regions were translated into protein sequences using the translating tool ExPAsy (Gasteiger et 
al., 2003) and used as BLASTp queries against the NR database at NCBI.  Relevant 
conserved domains were identified using SMART searches for homologous Pfam domains 
(Finn et al., 2014), signal peptides and internal repeats. 
 
3.2.7 Primer design and candidate gene validation 
Primers for the candidate sequences were designed using Primer3 software, to 
amplify the entire ORFs (open reading frames) of the candidate genes: contigs c97022_g1_i3 
(CalesGl1), c89016_g1_i4 (CalesGl2) and c97010_g2_i1 (CalesGl3) and used for validation. 
This was done with the following PCR protocol: 12.5 µL of MyFi® 2x, 8.5 µL of H2O, 1 µL 
of forward primer, 1 µL of reverse primer, 2 µL of MgCl2 and 1 µL of template to a total 
volume of 26 µL.  Different conventional PCR amplification conditions were used for each 
candidate gene.  For contig c97022_g1_i3: one cycle at 94 °C for 3 min, 30 cycles at 94 °C 30 
sec, 54 °C 30 sec, 72 °C 1 min, one cycle at 72 °C for 5 min and a 4 °C hold.  For contig 
c89016_g1_i4: one cycle at 94 °C for 3 min, 30 cycles at 94 °C 30 sec, 50 °C 45 sec, 72 °C 1 
min, one cycle at 72 °C for 5 min and a 4 °C hold.  For contig c97010_g2_i1: one cycle at 94 °C 
for 3 min, 30 cycles at 94 °C 30 sec, 48 °C 1 min, 72 °C 1 min, one cycle at 72 °C for 5 min and 
a 4 °C hold.  Amplified products were size-separated by electrophoresis on 1.5 % agarose gels 
stained with GelRedTM (Biotum) alongside a 100 bp Hyperladder (Bioline).  The intensity of 
PCR products was determined using an image analysis program assisted by a gel 
documentation system (Chemidoc XRS, Bio-Rad).  PCR products were then purified using an 
Ethanol/EDTA precipitation protocol as follows: 5 µL of 125 mM EDTA disod ium salt (pH 
8.0) was added to each PCR tube, vortexed and spun briefly.  Ethanol (100 %, 60 µL) was 
added and tubes were left to incubate at room temperature for 15 min.  Tubes were then spun 
in a centrifuge at 13,000 g for 20 min and the supernatant was carefully aspirated and 
discarded.  Freshly made 80 % ethanol (350 µL) was then added and tubes were spun at 
13,000 g for 5 min before the supernatant was aspirated and discarded.  Pellets in the tubes 
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were then left to dry at room temperature for 1 hr covered with aluminium foil.  Samples were 
sequenced on the ABI Genetic Analyzer 3500 (ThermoFisher).  Sequence chromatograms 
were visualised using Geneious® software version 8.1.6 and sequences were re-aligned to 
candidate ORFs that primers were designed from. 
 
3.2.8 Phylogenetic analysis of sequences 
Phylogenetic relationships of globin genes in this study and model bivalve species were 
resolved using maximum likelihood analysis in MEGA version 6.0 (Tamura et al., 2013).  
This software conducts manual and automatic sequence alignments to infer molecular 
relationships and build phylogenetic trees (Tamura et al., 2013).  Firstly, the globin gene 
sequences were isolated from the genomes of the two bivalve model species C. gigas and L. 
gigantea by using a custom BLAST against haemoglobins, neuroglobins, globin-X, 
cytoglobins and myoglobins in the three vertebrate model species: Homo sapiens (human), 
Gallus gallus (chicken) and Danio rerio (zebra fish).  For C. gigas, 12 globin genes were 
found and 10 for L. gigantea.  Globin gene sequences were isolated from the transcriptome of 
A. trapezia.  All sequences were further validated using Pfam searches to ensure the presence 
of a globin domain.  Alignments were performed using MUSCLE (Edgar, 2004) protein plug 
in with default settings in MEGA and a best-fit model test was performed resulting in 
LG+G+I (Tamura et al., 2013).  This LG gamma distributed (G) with invariant sites (I) model 
was therefore used with three discrete gamma categories to construct a maximum-likelihood 
tree using the bootstrap method with 500 bootstrap replications.  All bivalve globin protein 
sequences used in the phylogeny were also aligned for comparison and to identify residue 
conservation using the multiple sequence alignment with high accuracy and high throughput 
MUSCLE in MEGA version 6.0. 
 
 
 
 
3.3 Results  
3.3.1 RNA extraction, library preparation and sequencing 
Total RNA extraction, performed in quadruplicate, for C. ales is visualised in Figure 
3.2, where all four samples showed strong bands around 700 bp, which represent ribosomal 
RNA.  Bioanalyzer results (Figure 3.3) confirm these findings with high concentration and 
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yields for both samples submitted.  Transcriptome sequencing of mRNA from C. ales on 
Illumina NextSeq 500 resulted in 55,592,966 150 bp paired-end reads and a GC content of 
36.53  %.  This slightly low GC content may be due to shortness of sequences and instability 
of mRNA. 
 
Figure 3.2. Whole tissue from one C.ales individual was sampled and used for RNA extraction.  This 1.5 % 
agarose gel electrophoresis shows RNA extracted from four samples (extraction was performed in quadruplicate) 
from this individual as follows: lane 1 contains 100 bp Hyperladder, lanes 2-5 contain samples 1-4 respectively.  
The RNA is visible as strong bands in each sample around the 700 bp mark.  RNA obtained was then assessed 
for quantity and integrity and sequencing libraries were prepared. 
 
 
 
 
 
 
 
 
 
Chapter 3: Functional annotation of the Ctenoides ales transcriptome 49 
  
 
Figure 3.3. Bioanalyser results for total RNA quality and quantity.  Total RNA samples obtained from whole 
tissue of one C.ales individual were assessed for quantity and integrity on a Bioanalyzer 2100 RNA nano chip.  
Results shown here are for two RNA samples labelled here C10 and C11.  RNA concentrations are given for 
each sample. 
 
3.3.2 Transcriptome assembly and validation 
Assembly of this data resulted in 182,908 contigs (≥ 200 bp).  The mean contig length 
was 357 bp, with an N50 of 1,167 bp.  Assembly statistics are presented in Table 3.1.  
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Table 3.1 Summary of sequencing and assembly data for the bivalve C. ales.  Sequencing libraries were 
prepared using an Illumina TruSeq® stranded RNA library prep kit and the final cDNA library was sequenced on 
an Illumina NextSeq500 using 150 bp paired-end chemistry.  Libraries obtained were then assembled and the 
table below summarises results obtained. 
 
 
 
 
 
 
 
3.3.3 Functional annotation of transcripts and mapping 
Overall, 22,903 (12.5 %) transcripts received significant BLASTx hits and 19,788 (10.8 
%) BLASTp hits against the Swissprot database.  Against the TrEMBL database of predicted 
proteins, 34,098 (18.6 %) transcripts received significant BLASTx hits and 26,344 (14.4 %) 
BLASTp hits.  Gene ontology (GO) terms were assigned to 30,315 transcripts (Figure 3.4).  
The most frequently assigned GO terms were cellular process (20,887), biological regulation 
(11,020) and metabolic process (15,717) for the broad biological process category.  For the 
cellular component category, most GO terms were assigned to cell and cell part (23,916), 
followed by organelle (16,087).  In the molecular function category, GO terms were most 
commonly assigned to binding (19,803) and catalytic activity (12,179). 
 
 
 
 
 
 
 
 
Assembly statistic  
Total assembled reads 127,196,743 
Total trinity ‘genes’ 160,227 
Total contigs  182,908 
Mean contig length (bp) 357 
Average contig  695.41 
N50  1,167 
Chapter 3: Functional annotation of the Ctenoides ales transcriptome 51 
  
 
Figure 3.4. WEGO output for newly generated transcript for C. ales.   Web gene Annotation Plotting was used 
to characterise the transcriptomic data obtained for C. ales.  This figure represents the proportion and number of 
transcripts assigned Gene Ontology (GO) terms in three different gene ontology categories developed to 
represent common and basic biological information: cellular component, molecular function and biological 
process. 
 
3.3.4 Comparative transcriptomics  
 A comparative analysis was conducted across the four mollusc transcriptomes 
including the two model species C. gigas and L. gigantea, as well as the bivalves A. trapezia 
and C. ales.  Orthologous clusters conserved among the four molluscs and those unique to 
each species are represented in the Venn diagram in Figure 3.5.  Overall, 6,743 clusters were 
shared by all four species, which represents 55.5 % of the total number of clusters for C. 
gigas, 58.1 % for L. gigantea, 53.2 % for A. trapezia and 38.8 % for C. ales.  The 
transcriptome with the lowest number of unique clusters was L. gigantea with 918, while C. 
ales had the highest number of 4,355.  A. trapezia shared the most orthologous clusters with 
C. ales (1,607).   
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Figure 3.5. Venn diagram illustrating the number of gene clusters shared and unique between the four bivalve 
species C. gigas, L. gigantea, A. trapezia and C. ales.  For L. gigantea and C. gigas, the predicted proteomes 
obtained from the genomes are used and the predicted proteomes from whole organism transcriptomes are used 
for A. trapezia and C. ales.  Ortholog groups shown here were identified by an all-against-all reciprocal BLASTp 
alignment. 
 
3.3.5 Candidate genes  
Contigs identified as globins were extracted from the Trinotate annotation report 
(c97022_g1_i3; c89016_g1_i4; c97010_g2_i1).  Contig c97022_g1_i3 (CalesGl1) was found 
to be 1,930 bp in length, consisting of an ORF of 498 bp encoding a polypeptide of 165 amino 
acids.  Analysis of the predicted protein sequence identified a globin domain (Figure 3.6) with 
40 % sequence identity to a Ngb-like gene in the bivalve C. gigas.  Contig c89016_g1_i4 
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(CalesGl2) was 715 bp in length, consisting of an ORF of 585 bp encoding a polypeptide of 
194 amino acids.  The predicted amino acid sequence of this contig consisted of a signal 
peptide and a globin domain (Figure 3.6).  It had 36 % protein identity to a Hb gene found in 
the crab Carcinus maenas.  Contig c97010_g2_i1 (CalesGl3) was found to be 1,835 bp in 
length consisting of an ORF of 1,107 bp encoding a polypeptide chain of 368 amino acids.  
The predicted amino acid sequence of this contig was found to encode a transmembrane 
domain and two globin domains (Figure 3.6), with 38 % sequence identity to the HbI gene 
found in the bivalve T. granosa. 
                   bp 
Figure 3.6. Globin domains identified for three candidate globin genes.  The annotated transcriptome obtained 
for C.ales was interrogated for candidate globin genes here defined as contigs that possess a characteristic globin 
fold sequence and globin domain.  The three contigs found to possess these characteristics are shown above as 
follows: CalesGl1 (top), CalesGl2 (middle) and CalesGl3 (bottom).  For candidate gene 2, the purple circle 
represents a signal peptide and for candidate gene 3, the blue rectangle represents a transmembrane domain.  
Both were identified using SMART searches for homologous Pfam domains, signal peptides and internal 
repeats. 
 
 
CalesGl1 
 
CalesGl2 
 
CalesGl3 
 
54 Chapter 3: Functional annotation of the Ctenoides ales transcriptome 
  
3.3.6 Primer design and candidate gene validation 
Forward and reverse primers were designed based on the longest ORF for each of the 
three candidate genes for validation (Table 3.2).  PCR reactions were optimised for each 
primer from each candidate gene and sequences successfully amplified (Figure 3.7).  
Alignments of chromatograms obtained from Sanger sequencing and original candidate ORFs 
were successful and all three genes were validated at > 97 %. 
Table 3.2 Primers designed for validation of three candidate genes identified from the newly generated  C. ales 
transcriptome.  Primers were designed using Primer3 software to amplify the entire ORFs and validate the 
candidate genes identified.  Forward and reverse primers were designed for each candidate as shown in the table 
below. 
Figure 3.7. Candidate gene products from C. ales transcriptome.  Each candidate was amplified using primers as 
shown in table 3.2 above.  Lanes 1 in all gels shown here are Hyperladder 100 bp. Candidate gene 1 is shown in 
lane 2 of gel (A); candidate gene 2 is shown in lane 3 of gel (B); candidate gene 3 is shown in lane 3 of gel (C).  
All gels are 1.5 % agarose stained with GelRedTM (Biotum).  Products of candidate genes seen here were purified 
using an Ethanol/EDTA precipitation protocol and samples were sequences on ABI Genetic Analyzer 3500 
(ThermoFisher).  Lanes 2 and 4 of gel (B) and lane 2 of gel (C) are candidate gene products prior to PCR 
reactions being optimised. 
Primer name Primer sequence 5’-3’ Contig Annealing T° Product size 
CalesGl1_F AGA AGC GCA GGC AGA AGA AA c97022_g1_i3 55° 670 
CalesGl1_R TGT GAA TCA ACG CAT TGC ACA    
CalesGl2_F ATC AGT CGA CTG GTG CAT AG c89016_g1_i4 55° 670 
CalesGl2_R TGC ATG TAC AGA ATA AAG GCA    
CalesGl3_F GCA CAC AGC TAC ACT CTT GT c97010_g2_i1 55° 1400 
CalesGl3_R TGC GTA GAT CGG AGT AGA GA    
B A C 
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3.3.7 Phylogeny of globins in bivalves 
The phylogenetic relationships of globins in the four mollusc species (L. gigantea, C. 
gigas, A. trapezia and C. ales) and three model vertebrate species (D. rerio, G. gallus and H. 
sapiens) are represented in Figure 3.8.  In this maximum-likelihood tree, there are three 
weakly supported major clades (A, B and C).  Clade C contained Hb and other related globin 
(all globins apart from Ngb and GbX) genes from the three vertebrate model species.  Clades 
A and B both contained globin genes for L. gigantea, C. gigas, C. ales and A. trapezia.  Clade 
A, although poorly supported, contained globin genes from L. gigantea, A. trapezia and C. 
gigas, C. ales and vertebrate GbX but no genes encoding molluscan Hb proteins.  Clade B is 
strongly supported and contains all known Hb genes in A. trapezia.  All bivalve globin protein 
sequences used for phylogeny were also aligned using MUSCLE in MEGA.  Results are 
shown from position 260-331 where residues are conserved across all 30 bivalve globins.  In 
position 271, a phenylalanine residue and in positions 295 and 328, two histidine residues are 
conserved across all 30 globins from the four different bivalve species (Figure 3.9). 
 
 
 
 
 
 
 
 
 
 
 
 
56 Chapter 3: Functional annotation of the Ctenoides ales transcriptome 
  
Figure 3.8. Molecular Phylogenetic analyses by Maximum Likelihood method.  Phylogenetic relationships of 
globin genes were here resolved for the following species: bivalves A. trapezia and C. ales, two mollusc model 
species L. gigantea and C. gigas, three vertebrate model species H. sapiens, G. gallus and D. rerio.  The 
percentage of trees in which the associated taxa clustered together is shown next to the branches.  A discrete 
Gamma distribution was used to model evolutionary rate differences among sites (3 categories (+G, parameter = 
5.3023)).  The rate variation model allowed for some sites to be evolutionarily invariable ([+I], 3.8405 % sites). 
The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. 
 
 
 
L. gigantea globin-like 6 
C. gigas neuroglobin-like  
L. gigantea globin-like 5 
C. gigas cytoglobin-2-like X1  
A. trapezia neuroglobin NG 
D. rerio GbX 
C. gigas cytoglobin-2-like X3  
L. gigantea globin-like 8 
C. ales neuroglobin-like CalesGl1 
D. rerio neuroglobin 
G. gallus neuroglobin 
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C. gigas cytoglobin-1  
C. gigas cytoglobin-1-like  
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L. gigantea globin-like 1 
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L. gigantea globin-like 7 
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L. gigantea globin-like 3 
L. gigantea globin-like 4 
L. gigantea globin-like 9 
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A. trapezia dimer 2D 
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D. rerio cytoglobin 2 
G. gallus cytoglobin  
D. rerio cytoglobin 1  
G. gallus myoglobin  
H. sapiens myoglobin  
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G. gallus globin E 
G. gallus HbA 
H. sapiens HbA 
D. rerio HbA 
D. rerio HbB 
G. gallus HbB 
H. sapiens HbB 
C. ales haemoglobin-like CalesGl2 
C. ales haemoglobin 1-like CalesGl3 
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Figure 3.9. Multiple alignments of globin protein sequences.  All mollusc globin protein sequences used in the 
phylogeny represented in Figure 3.8 were aligned for sequence comparison and to identify residue conservation 
using the multiple sequence alignment with high accuracy and high throughput MUSCLE in MEGA.  Sequences 
are grouped by species and include A. trapezia, C. ales, C. gigas and L. gigantea.  Residues conserved across all 
sequences and all species are indicated above by an asterix (*). 
 
3.4 Discussion   
 In this study, the transcriptome of C. ales, a bivalve mollusc, three full length globin 
genes were identified.  All predicted proteins of the candidate genes showed the two histidines 
as well as the phenylalanine residues characteristic of globin proteins (Bashford et al., 1987).  
This indicates that the proteins encoded by the globin genes identified here are capable of the 
formation of the hydrophobic pocket with a haeme group (Royer et al., 2001).  The sequence 
similarity of the proteins, however, were highly divergent, with candidate gene one being 
most similar to vertebrate Ngb genes and a Ngb-like gene from C. gigas, while candidate 
genes two and three were most similar to Hb encoding genes from A. trapezia.   
Of most interest here, is that two globin genes from C. ales are sister to the known Hb 
encoding genes from A. trapezia.  The finding that candidate genes CalesGl2 and CalesGl3 
were most similar to genes encoding Hb proteins may indicate that these genes in C. ales 
represent a fifth independent origin of Hb in Bivalvia.  Currently, Hb has been identified in 
species from Arcoida, Veneroida, Carditoida and Solemyoida orders in Bivalvia.  It remains 
to be determined if Hb encoding genes show patterns of molecular convergence as seen in 
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genes underlying convergently evolved phenotypic traits in echo-locating animals (Parker et 
al., 2013) and marine mammals (Foote et al., 2015). The repeated evolution of Hb proteins in 
bivalves indicates that when these mutations arise in ancestral globin genes they are strongly 
selected for.  To fully support a fifth independent origin of Hb in Bivalvia will require 
functional protein work which was outside the scope of the current project. 
Candidate gene CalesGl3 is of particular interest as this gene had multiple globin 
domains in a single globin gene.  Previously, di-domain Hbs in bivalve molluscs have only 
been found in Barbatia reeveana and Barbatia lima from order Arcoida (Naito et al., 1991; 
Suzuki et al., 1996).  The sporadic occurrence of a multi-domain globin in another bivalve 
class suggests that the di-domain globin gene identified in C. ales has evolved independently 
of those in order Arcoida.  Multi-domain globin genes have been identified in other animal 
phyla including Annelida (Branchipolynoe symmytilida and Barbatia seepensis (Projecto-
Garcia et al., 2010), and Arthropoda (Artemia; (Jellie et al., 1996)).  This indicates that multi-
domain globin genes may arise relatively frequently, but this idea remains to be tested.  In B. 
reeveana the di-domain gene was generated through incomplete gene duplication which 
resulted from unequal crossing over during meiosis (Naito et al., 1991).  It would not be 
surprising if a similar mechanism generated the di-domain globin gene found in C. ales.  In 
fact, both gene duplication and adaptive evolution have been implicated in the origin and 
diversity of many multi-domain proteins (Vogel et al., 2005) reinforcing the hypothesis of 
evolution by incomplete duplication in this case.  
Candidate gene CalesGl1 was identified as a Ngb-like gene and was found in a weakly 
supported clade with vertebrate genes encoding Ngb proteins.  It was not surprising to find 
Ngb-like genes in bivalves as these genes were present in the common ancestor of 
Eumetazoans (Cnidaria + Bilateria) (Roesner et al., 2005).  The presence of only a single 
copy of Ngb-like gene in both C. ales and A. trapezia was unexpected as most invertebrate 
lineages often have more than one Ngb-like gene (i.e., C. gigas has 6 copies (UniProt 
accession numbers: K1QVD6, K1Q9R1, K1QT48, K1QF07, K1RX51, K1R7G1).  The low 
number observed in C. ales and A. trapezia could be associated with low levels of gene 
expression of Ngb-like genes (Schindelmeiser et al., 1979; Burmester & Hankeln, 2004) and 
the use of transcriptome sequencing to identify these genes in both species investigated.  
Vertebrate Ngbs are monomeric proteins involved in various physiological functions 
including oxygen supply, storage, and interactions with mitochondria in nerve cells (Roesner 
et al., 2005; Watanabe et al., 2012), but a number of functions of these proteins remain 
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uncharacterised.  The predicted proteins identified here, when fully characterised, may help to 
better understand the function of neuroglobin-like proteins outside of vertebrate species. 
 
3.5 Conclusion 
These data provide the most comprehensive transcriptomic resource currently 
available for the bivalve mollusc C. ales.  In this transcriptome, there are at least three genes 
encoding globin-like proteins.  Candidate genes CalesGl2 and CalesGl3 are likely to encode 
Hb proteins based on sequence data characteristics and similarities with existing sequences.  
Candidate gene CalesGl3 in particular contains two globin domains in a single globin gene 
which has only been found in another two bivalve species in a different lineage.  In addition 
to this, sequence similarities of candidate globin genes identified here to Hb encoding genes 
in other bivalves further contributes to the theory of a common bivalve ancestor and 
independent evolution of Hbs in bivalve lineages.  These results provide preliminary evidence 
for a possible fifth independent origin of Hbs in Bivalvia. 
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Chapter 4:   General Discussion 
  Haemoglobin genes are highly diverse and have evolved independently in multiple 
metazoan lineages (Hardison, 1996; Mangum, 1998; Weber & Vinogradov, 2001; Hofmann et 
al., 2010a; Hoffmann et al., 2012).  This diversity is particularly evident in invertebrates 
where Hbs show exceptional variation in their form, function and structural arrangement 
(Weber, 1980; Terwilliger, 1998; Weber & Vinogradov, 2001; Alyakrinskaya, 2002; 
Hoffmann et al., 2012).  Such variability is reinforced by the patchy distribution of Hbs across 
invertebrate groups.  Bivalve molluscs for example, represent one such group, where Hbs 
have evolved independently across multiple lineages (Manwell, 1963; Terwilliger et al., 1978; 
Dando et al., 1985; Doeller et al., 1988; Suzuki  et al., 2000).  This has been shown to be the 
result of gene duplication and can be correlated to species living in environments with low or 
fluctuating oxygen availabilities.  Knowledge on the sequence, role and evolution of Hbs is 
not only important for phylogenomics but is also crucial for the bivalve farming industry.  
Despite this, only a limited number of studies have examined the full range of Hb genes, or 
functionally characterised their expression in bivalves (Terwilliger et al., 1983; Angelini et 
al., 1998; Hourdez & Weber, 2005; Decker et al., 2014).  To better understand the evolution 
and expression of Hbs in bivalves, an investigation of Hb genes in two distantly related 
species of bivalves is performed here.  Firstly, by quantifying patterns of tissue specific Hb 
gene expression in A. trapezia under submerged and aerially exposed treatments.  This 
provided insights into the function and role of Hb encoding genes in this species.  Secondly, 
by generating a new high-quality transcriptome resource for C. ales, the globin gene 
repertoire in this species was examined and a fifth independent origin of Hb in bivalve 
molluscs potentially identified.    
 
4.1 Role of gene duplication in the current diversity of bivalve Hbs 
 The current diversity of Hb genes in bivalves has been hypothesised to be a result of 
repeated rounds of gene duplication driving evolution.  One of the mechanisms responsible 
for this duplication has been demonstrated, by some authors, to be unequal crossing-over 
during meiosis (Naito et al., 1991; Dewilde et al., 1999; Kato et al., 2001).  For example, the 
two-domain Hb (2D) from the blood clam B. lima is thought to have evolved from an unequal 
crossing over event between two ancestral globin genes and the loss of a stop codon (Suzuki 
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et al., 1996).  Duplication through unequal crossing over is best illustrated in datasets in this 
study by the di-domain globin gene found in C. ales.  This di-domain gene has most likely 
evolved as a result of unequal crossing over that led to the deletion of a stop codon in a single 
domain gene, generating an extended open reading frame with two globin domains.  
Interestingly, most Arcidae species studied to date do not possess this di-domain gene.  
Therefore, as C. ales, a member of the family Limidae and B. lima, a member of the Arcidae, 
both have a di-domain globin gene, it is likely that this gene may have arisen independently in 
both species.   
 The presence of at least five globin genes that encode Hb proteins in A. trapezia, 
which form a single clade in the globin phylogeny for bivalves, supports the hypothesis that 
extensive duplication has played an important role in the evolution of this gene family.  In 
arcid bivalves most species have more than a single Hb gene (Como & Thompson, 1980b; 
Mangum, 1997), however, A. trapezia is the first species examined to have more than four Hb 
genes.   For example, three Hb genes have been identified in T. granosa and S. inaequivalvis, 
while B. reeveana has four distinct Hb genes (Ikeda-Saito et al., 1983; Petruzelli et al., 1985; 
Terwilliger, 1998; Royer et al., 2001; Bao & Lin, 2010).  This indicates that either extensive 
lineage specific duplication has occurred independently in the species of this family, or that 
duplication events occurred in the common ancestor of the family Arcidae.   
 Investigation of expression patterns of globin genes in A. trapezia highlighted strong 
tissue specific expression with some genes being predominantly expressed in erythrocytes.  
Often tissue or developmental specific expression in duplicated genes is associated with 
changes in the regulatory elements of these genes (Sankaran et al., 2008), which has led to 
higher expression in certain tissues or developmental times.  This has been demonstrated in 
mammals as recently duplicated genes that shared regulatory sequences were more likely to 
be co-expressed than duplicated genes that do not share regulatory sequences (Lan & 
Pritchard, 2016).  It remains to be determined whether divergence in regulatory sequences are 
responsible for the tissue specific expression observed in A. trapezia globin genes encoding 
Hb proteins, but this study is the first to show tissue specific expression.  This indicates that 
globin genes may have undergone neofunctionalisation following duplication in A. trapezia to 
be dominantly expressed in haemocytes.  This data together with data from C. ales shows that 
duplication and subsequent divergence have played a dominant role in globin gene evolution 
in bivalve molluscs. 
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 Neofunctionalisation is the evolution of new functions in duplicated genes and has 
been well demonstrated in vertebrate Hb genes (Aguileta et al., 2004; Hoffmann & Storz, 
2007; Opazo et al., 2008).  The pattern observed in results from chapter 2 of this study is 
consistent with neofunctionalisation of clade B globin genes in A. trapezia, as two of these 
genes (AG and BG) encode a tetrameric Hb (Como & Thompson, 1980a), while another gene 
(HB) in this clade encodes a dimeric Hb (Petruzelli et al., 1985).  Two of these three genes 
(AG and BG), are dominantly expressed in haemocytes and as these cells are a novel 
phenotypic trait in Arcidae, this expression pattern is indicative of neofunctionalisation.  
Multiple examples exist that support the idea that neofunctionalisation of gene duplicates has 
played an important role in the generation of novel phenotypic traits (Birchler & Veitia, 2010; 
Kaessmann, 2010; Osborn et al., 2003).  Of these, a well-known example is that of a 
neofunctionalised copy of an elastin gene which contributed to the evolution of the bulbus 
arteriosus, a novel organ found in the heart of teleost fish (Moriyama et al., 2016).  While it is 
tempting to speculate that neofunctionalised Hb genes may contribute to evolutionary novelty 
in Arcid bivalve erythrocytes, the extensive duplication of globin genes encoding Hb proteins 
may be associated with escape from adaptive conflict (Des Marais & Rausher, 2008; Storz et 
al., 2008) if Hb proteins undertake multiple roles within this cell type.   
 Globin and Hb genes from many species have been demonstrated to encode 
multifunctional proteins that serve not only in O2 transport, but also play a role in immune 
function and contribute to disease phenotypes with haemocytes recognised as the immune 
effectors (Bao et al., 2013b; Vinogradov & Moens, 2008; Weatherall, 2001; Donaghy, 
2009).   For example, a duplicated gene encoding a dimeric Hb from the arcid bivalve T. 
granosa, was upregulated following an immune challenge with V. parahaemolyticus (Bao et 
al., 2013b).  This study demonstrates that the duplicated Hb genes of arcid bivalves may 
have multifunctional roles in both O2 transport and the innate immune system response.  
Such acquisition of new roles in pre-existing genes requires changes in the regulatory 
elements of these genes as well as through coding regions.  This is also necessary as these 
genes adapt to different living conditions such as hypoxic environments.  For example, 
globin diversity in vesicomyid clams is believed to be a result of monomers modulation to 
accommodate for oxygen levels in their surrounding environment.  This is hypothesised to 
be the result of structural genetic diversity in populations or changes in globin gene 
transcription according to environmental changes (Carney et al., 2007).  Based on findings in 
this study for the bivalve A. trapezia, we can argue that it is most likely not a result of 
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changes in the transcription of globin genes, at least for animals exposed to air for up to 12 
hours as expression levels of globins did not significantly change.  Consequently, the 
extensive duplication of Hb encoding globin genes in A. trapezia may allow natural selection 
to drive specialization of different members of this multifunctional gene family.  Further 
functional studies will be required to determine if this idea is correct. 
 
4.2 Globin gene evolution in hypoxic environments 
The variability in functional properties of bivalve Hbs are thought to be associated with 
the wide range of environmental conditions that these organisms encounter in their habitat 
(O’Gower & Nicol, 1968; Terwilliger et al., 1978; Alyakrinskaya, 2002).  Among these 
environmental conditions, one of the most common stresses affecting bivalves is hypoxia 
(Widdows et al., 1979; Weber, 1980; Booth et al., 1984; Burnett, 1997; Gobler  et al., 2014).  
It develops in organisms where the depletion of oxygen through respiration is faster than its 
replenishment and some bivalve species show better tolerance and survival rates than others 
when subject to extended periods of hypoxia (Officer et al., 1984; Rabalais et al., 2010).  One 
of the reasons for this is their ability to close their shells therefore avoiding oxygen depletion 
and switching from aerobic metabolism to anaerobic metabolism (Brooks et al., 1991; De 
Zwann et al., 1993).  The present study showed that this may also be an adaptive feature in 
the blood clam A. trapezia.   
Furthermore, the evolution of circulating Hbs in bivalve lineages has been hypothesised 
to allow for maximised O2 binding and transport during times of hypoxia (Projecto-Garcia et 
al., 2015), since both Hbs and Hcs occur in bivalve species that experience periodic hypoxia 
(Morse et al., 1986; Mangum et al., 1987; Terwilliger et al., 1988; Riggs, 1991; Weber & 
Vinogradov, 2001; Projecto-Garcia et al., 2015).  The presence of multiple Hb proteins in 
bivalve species is also a common observation and has been linked to many organisms that 
synthesise multiple oxygen carriers with different oxygen affinities to meet physiological 
demands (Mangum, 1997; Weber & Vinogradov, 2001; Projecto-Garcia et al., 2015).  For 
example, the clam C. magnifica is found lodged into rock fissures outside hydrothermal vents 
and exposed to both deep-sea water and vent fluid meaning that it is frequently subject to 
chronic hypoxia (Berg, 1980).  This species possesses an intracellular Hb with high O2 
affinity for carrying and transport required for its sustainability in such a challenging 
environment (Terwilliger et al., 1983; Scott & Fisher, 1995; Hourdez & Weber, 2005).  The 
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deep-sea clams C. kaikoi, Calyptogena soyoae and Calyptogena tsubasa all possess two 
homo-dimeric Hbs with more than 90 % identity, of which, HbI and HbII in C. kaikoi have 
been found to be involved in O2 storage under low O2 conditions in the deep sea rather than 
O2 transport (Kawano et al., 2003; Suzuki et al., 2000).  Arcid bivalves are also frequently 
found in habitats with low levels of O2 such as intertidal zones or deep-sea waters and often 
experience prolonged periods of hypoxia (Arp et al., 1984; Abele-Oeschger & Oeschger, 
1995; Terwilliger, 1998; Weber & Vinogradov, 2001).  This is the case with the intertidal 
bivalve A. trapezia used in this study but also with other arcid bivalves such as Anadara 
kagoshimensis.  As with A. trapezia, this species is found in sandy-muddy areas of the Indo-
Pacific region and possesses haemoglobin-containing erythrocytes (Golovina et al., 2016).  
Compared to other bivalve species in the same habitat, A. kagoshimensis has also shown 
better tolerance to hypoxia and this has been attributed to the presence of Hbs (Holden et al., 
1994).  The multiple Hbs in these bivalves may be produced simultaneously and may have 
different functions such as O2 carrying or storage, or can be produced sequentially to follow 
changing conditions (Terwilliger, 1998).  Different Hb structures confers them these different 
functions and thus their potential resistance to hypoxia in the habitats where the bivalves 
settle (Decker et al.,  2016).  Overall, the presence of Hbs seems to play a role in adaptation of 
bivalves to hypoxia.  Therefore, mutations that confer the evolution of such complex 
respiratory pigments such as Hb are likely selected for.   
Since all blood clams seem to have originated from a common ancestor, globin 
structural variations and levels of expression is thought to have been influenced directly by 
the environmental conditions these clam species are subjected to and specifically oxygen 
concentration and availability (Kawano et al., 2003).  The evidence from this study reinforces 
that greater expression of Hbs in haemolymph confers a physiological advantage in tolerating 
hypoxia.  It is shown here by expression levels obtained for the blood clam A. trapezia.  
Given the hypoxic nature of the intertidal environment where this bivalve is found, it is 
almost certain that a duplication event was driven by the need for oxygen availability during 
low tides.  This is also consistent with the finding of Hb-like genes that may encode Hb 
proteins in C.ales as this species lives in the tropical waters of the Indo-Pacific area at depths 
between 30 – 35 m (and sometimes up to 50 m) where both depth and temperature reduce the 
solubility of O2 creating a hypoxic environment (Garcia et al., 2005; Karstensen et al., 2008).  
Nonetheless, the idea that Hb has evolved more often in lineages that live in hypoxic 
environments requires further analysis before it can be supported. 
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 4.3 The importance of globin gene evolution to aquaculture 
Aquaculture is one of the fastest growing food-producing sectors and accounts for nearly 50 
% of world consumption.  The major groups currently produced in aquacultureinclude finfish, 
crustaceans and molluscs.  Culture of molluscs contributed approximately 20 % of total 
aquaculture production in 2014 and this amount has been steadily increasing in recent years.  
Bivalve molluscs of the family Arcidae includea number of major fishery and aquaculture 
species such as T. granosa, S. inaequivalis, S. broughtonii and A. trapezia (Donaghy et al., 
2009; Bao et al., 2013b).  Besides their importance as food sources, bivalve molluscs are 
frequently used as indicators of pollution and overall health of ecosystems.  Some of the 
major issues encountered in clam farming are disease outbreaks, low survival rates due to 
environmental pollution and slow growth rates (Alkarkhi et al., 2008; Vuddhakul  et al., 
2006).  Haemocytes found in bivalve molluscs have been shown to be involved in various 
biological functions (Donaghy et al., 2009) such as immune defence against bacteria and 
viruses (Bao et al., 2013b) but also detoxification. In fact, the role of haemoglobin in 
haemocytes goes beyond supporting aerobic metabolism and in some species SNPs in specific 
Hb genes have been observed to correlate with disease resistence.   Hbs in bivalves have been 
shown to be a source of antibacterial activity but are also responsible for eliminating harmful 
reactive oxygen species (ROS) and Nitric Oxide (NO) which may be present in polluted 
environments. Investigation of the haemoglobin genes in these bivalves as well as their 
expression under environmental stress as it is done in this study for A.trapezia contributes to 
our understanding of the functions of Hbs and haemocytes which may provide new 
perspectives for disease control and resistance to pollution in cultures.   
Aquaculture production systems are often classified into three general types: extensive ponds, 
intensive ponds and intensive recirculating tank and raceway systems (Ebeling, 2006).  There 
is also a tendency of many aquaculture enterprises to intensify production using 
superintensive systems, for example, super intensive culture using Atlantic salmon and 
rainbow trout.  Currently, dissolved oxygen is the most important limiting factor to increase 
production in intensive systems.  The study of haemoglobin gene expression under stress in A. 
trapezia and the transcriptome generated for C. ales may be used in future studies looking at 
dealing with this major issue. In particular, examining haemoglobin gene expression under 
different oxygen concentrations will provide much needed data about how molluscs cope with 
low dissolved oxygen in culture. 
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Other bivalves such as scallops are also used for farming.  For example, in the scallop family 
Pectinidae, only about 10 species are currently cultured from the 400 living species present in 
this family (Shumway & Parsons, 2011).  New sequence data for species is the ultimate 
resource for the introduction new species in cultures or the addition of genetic material to 
existing species to increase their diversity and their performance in cultures (Guo, 2009).  The 
transcriptome generated in this study for the scallop C. ales and the haemoglobin-like genes 
described can therefore be used as potential molecular markers for bivalve selection and 
breeding to improve aquaculture production.  Overall, research based on trancriptomics and 
proteomics proves valuable as it increases genetic data to study molecular traits of interest for 
cultured species and especially evaluate their disease susceptibility and resistance to 
environmental stresses. 
 
4.4 Limitations of the study 
 Despite some limitations in the two studies conducted as part of this Masters thesis, 
the findings about the evolution and expression of Hb genes in bivalve molluscs are valid.  
One major limitation of the study is the use of transcriptome sequences for the identification 
of Hb genes in both A. trapezia and C. ales instead of full genome sequences.  Consequently, 
the presence of only six and three full-length globin transcripts in A. trapezia and C. ales, 
respectively may be an underestimation of the actual number of Hb genes in these species and 
should be viewed with some caution.  Many functional genes are not captured by 
transcriptome sequencing because they are only expressed at specific developmental stages, in 
certain tissues or at very low levels (Yagil et al., 2005).  Thus this is a limitation of using 
transcriptome sequencing in isolation to identify the number of different genes within gene 
families in a species.  Complete genome sequencing was not feasible in the current study due 
to the time restrictions and financial constraint. 
4.5 Future research 
Data presented here for A. trapezia provides insight into the multiple functions of Hbs, 
possible future studies could consist of further validating Hb genes. This could include 
whether Hbs are translated into proteins or whether some might be pseudogenes.  Data 
presented here for C. ales provide the most comprehensive transcriptomic resource currently 
available for this species and therefore allows for numerous gene families to be examined 
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detail. Overall this resource should lay an important foundation for future genetic or genomic 
studies in this species.  In future studies, complete genome sequences could also improve the 
detection of the entire complement of globin genes for these two bivalve species. 
 
4.6 Conclusions 
Overall, the evolution of Hbs in bivalves is intriguing due to the great diversity of 
proteins found across lineages both in structure and function.  This study looked at the blood 
clam A. trapezia which possesses five duplicated Hb encoding genes and determined that 
expression levels of those five genes are much higher in haemolymph than in foot, gills, 
mantle or muscle therefore validating the first hypothesis of this project that they have 
undergone neofunctionalisation through gene duplication.  Furthermore, the expression of 
those genes was not affected by short-term or long-term hypoxia; therefore it can be 
concluded that the neofunctionalisation acquired through gene duplication of existing Hb 
encoding genes may provide some evolutionary advantage for this bivalve species.  Findings 
on the sensitivity and reaction of A. trapezia to hypoxia may also be a valuable indicator of 
the potential for bivalve populations to survive in challenging environments.   
Additionally, next generation sequencing was used to obtain the expressed portion of 
the genome and present the first transcriptome for the species C. ales.  Three globin-like 
encoding genes were found in the newly generated transcriptome for this bivalve species. The 
presence of a di-domain globin in particular represents the first in bivalves since the findings 
of a di-domain in B. lima and B. reeveana in the Arcoida order.  This suggests that multi-
domain globin genes may arise repeatedly through incomplete gene duplication. Although 
more investigation is required on the three candidate genes identified here, preliminary 
findings in this study support a fifth independent origin of Hb in bivalves and contribute to 
validate the second hypothesis of this project. 
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